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I INIRODUClION

Ihe exposure of an orbiting spacecraft to exoatmospheric

nuclear x radiation results in photoelectron emission from all

irradiated surfaces. this pulsed election emission is the driing

mechanism for system generated electromagnetic pulse (SGEMP) ef-

fects which could cause unacceptable electronic problems in a

spacecraft. In order to analyze and predict SGEMP iesponses, it

is necessary to know the energy .'istribution and the yield of the

emitted photoelectrons. Ihis report gives the results of a set

of studies to characterize photoemission from materials used on

satellites and/or during SGEMP experiments. Ihese studies in-

cluded the use of both pulsed and steady-state x radiation.

1he interaction of x radiation with material generates photo-

elections, Auger electrons and Compton elections, all referred to

here as primary elections, that have energies extending from th1

incident x-ray energies down to nearly zero. Ihese primary elec-

trons then produce in the material secondary elections with erer-

gies averaging only a few eV. For the irradiation intensities of

interest to system responses, space-charge effects are expected

to limit the emission of low-energy electrons. However, when

satellites ate highly charged by the ambient electrons in space,

the SGEMP responses could be enhanced significantly by the

secondary-electron emission. Iherefore, the present studies were

directed at identifying the characteristics of both primary arid

secondary elections. The characteristics of photoelectron emis-

sion include the yield (number of elections per incident photon),

the energy distribution of these elections arid the angular di st i j-

bution.

9



I he ie arie many pt ograms di rect ed at de'.elIop ing means t o

predict SGEMP responses. One of t hese , den oted t he 5K YNE ISe' ies,

has used t he intense pulsed r adiat ion qvee ated hy the OWL I I

explodingq-wite plasma r adiat ion sour ce (PRS) at Physics Initerr in -

tional Company (PI). Ilo obt ain t he phot oelIect fron spectrialI y ield (s

needed f or the anialysis of these r esult s, One could measurE, the

x-r ay spect ral int ens it y anid apply ant emp irica It heon et ical phot o-

emission computer code. 1, 2 Unifort unate Iy , besi des the uricer t aint i es

inhei erit in t he x-r ay me as ui emertits t hemselIves, t here( hav been sub -

st ant ial unicert aint ies in the char act et izat ion of sur face mat er i a Is

and in the accur acy of a'ai lah le comput er codes, especi al ly at low

phot on energies. I her efor e, a magnet ic phot oe lect ron spectiromet ci

system (PESS) was designed arid developed to giv e dir ect measurenrt s

of the phot oelect ion spectral yields generated by the PRS x r adia-

t ion incident on materiials of inter est to these SKYNEI SGEMP tests .

In) addit ion to the PESS instrument used for determining the etiergy

spect ra of' pulsed phot oe I etiron emi ss ion , aux i11i an y inst r umenta-

tion was used during these SKYNEI experiments. I herIMOP iIe cal Or I-

metetrs were used t o measure the x-ray ft uence arid an at r ay of x-i a>

di odes (XRD) was used for total phot oemi ssion measurements.

Complementary to the SKYNEl pulsed photoelectron measure~ments

were photoemission studies using low-enrigry, steady-state monio-

chromatic x rays. Such steady-state studies provided aii accurate

data set of' photoemission spectral yields as a function of x-ray

energy from materials of interest. lhese data can also be used

to verify photoemission computer codes being develope-d under DNA

contrIact . ]he steady-state portion of this program was subdivided

into two experimental parts: a) determination of primary arid

secondary electron yields arid b) determining the eniergy distribu-

tion of primary electrons.

10



Section II of this report gives the design considerations and

engineering aspects of the PESS instrumentation plus the auxilliary

equipment used during the pulsed studies. Section III gives the

results of the pulsed measurements with an analysis of the results

in Section IV. The experimental techniques and results of the

steady-state yield measurements are described in Section V while

the steady-state spectral measurements and results are given

in Section VI. Section VII provides a summary of supporting com-

putations by Systems Sciences and Software (SSS) to calibrate the

PESS by determining the effects of space charge and applied electric

fields on electron orbits. A comparison of pulsed and steady-state

results is given in Section VIII along with a comparison of DNA-

supported theoretical yields to the measured values. Conclusions

and recommendations are given in Section IX.

I
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IT. SKYNE1 INSIRUMENIAIION

1he instrumentation required for diagnostic support to the

SKYNEI experiments consisted of the followirnq: photoelectoron spec-

trometer, calorimeters, x-ray diodes, anid associated data-recoiding

equipmen t.

A. PHOIOELECIRON SPECIROMEIER SYSIEM (PESS)

I. Spectrometer Design:

Ihe primary objective of the SKYNET Diaqrostic support was to

develop instrumentation for determining the energy distribution of

photoelecti on emi ssion generated by the OWL II.' explodinq-wit e x-r a>

spectrum. 1he t t ansient nature of the x-ray sour ce required that

the emitted phot oe lect loris be sepat at ed acc-IT di rig to their erie qies

and detected simultaneously by an array of detectors having suitable

time resolution. In order to use an at ray of detectors and hae a

good electron-collection ef tic i ency , it was decided to use a magne-

tic field for energy resolut io n ather than an electrostatic f ield.

Ihe o igi[ na desiqn goals wete to use eight detectors to covet

a factor of t werty in elect Tor enerqy and to have a time resolut ion

of 3 nanoseconds. For the OWL IT' x-ray spectrum, the electron

erneiqes of interest were under 5 keV. Theefore, the required maq-

netic field for deflect ing the electrons through 1800 could be

much less than 10- 2 lesla (100 Gauss). For this range of fields,

it was pief'erable to use an air -core maqnet ic solenoid which has

severat advantages over the use of a permarierit magnet . First of

all, the magnetic field could be varied easily by changing the

current flowing through the coil. In addition, the qeometry permit-

ted use of a larger divergence in the electtori trajector ies. Othe r

advantages of the air-core solenoid were: lighter weight, lower

cost, arid faster piocurement time.

12
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I he des igned i nst i umenit i s revf et t ed to as t he ph ot ouelect 1 onl

s p er't t ome ter system PE9S ) A cr oss sect ionr of I he magniet i c spec-

t toi tet i is shown schemat ica 1 1) in F igure 1 . X I adi at ion ent el ed

the spect t rmetet t hi ough a pot t on the side armi and( was irici dett

ont o the phot nemi t Ilet at 60) t 1o t he( surIf ace I in ma I. A fti act iont

of t he emi t t.ed phot oe lect t ons passed I hr ougqh a set o f de f in infil

ap et turies inFt o the spect rmet et chamnhei I her v the ax iat magnel(t ic

f ielId pi o\ i ded erierg r ieso lut ion anid gu ided t he e lect t ons ton a set

of eight e lect r omagniet ical 1> -shielded Fat ada> Cups. In an.3r i deal1

cordf igut at ion, t he elect t orts would follow 181) 0orhbi ts fro m aper -

ture. to cups. Howe~er , t he corist t aint of a largqe energy aiqge levd

to plIac i n t he cup a i a> at a lessert angle. Iwo Faraday cup arrays

wer e used artd t.he elect i oris fol t owed or hi ts a~et agin li 57 0 or

168.

Ihe entrT arice pot ton t he sidearmi of t he spectriomet er h ad a

2. 5-cm-diamet er col limat ing apet Iure so t hat Ithe x r adi at ioil was

incident oly or)t the phot oemi tltev f ace. Ihe- shank of t he eiit terv

was under cut so it was shadowed friom t he x r ays wh i I' t Ihe mo uniIt ig(

f langqe at t he revar was sufficienltly r emot e thIiat phot oelect t ons

coulId riot r each Ithe aper t ur e. A set of ape'T t ore pllates were' pltc'd

in the channel t o the main chamher to minrimi ze the truihet of scat -

tered electirns passirg int o the chamher. Ihe photoemi I ter was

or iqgifialI I mount ed ori a ginotirieded SUPPO rIt. Slit) segueit I> , I hitrs mouace-

S tiregI was changqed to a coaxial fe-edt lioigh so that the phot ormi t Iit

*could he hi ased and/or he' tot al pho-t nemni son cut nu-ft could hr

morit or ee.

Aphot ogti aph of t he spedt i omr't e'r is shown i ri F r gt r r, 2 . I hev

%, acuui tm chamihe r and s;i de at m wet e c otis t ri u I e Ird I ,II turn i nkm. A mi grIt

cn Il 20) cmi i n diamelvier hy 2 5 c in I omtgq was wouind onl I h(- [-N I r ri i ue an

c ha nh f-tr la v ri ne a 2 c m ga p f oit I he elc -or a iniIptf'- I It e . 1h (i'0 1u

cl II . i 11rwa eriet atvee h y a djci t ah 1 pnwe- snmppk I I

speC 1 01m11 I V M~ T gem and i ntge' of i eler. c t rion ne ri t !i u nr'ou led
he me astir ed wit hinr t he I rinni I !; o f 0 - I k e V.
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2. Magnetic-Field Calibration

A Hall probe was used to measure the axial component of the

magnetic field, Bz, as a function of radius at three axial

heights Z = 0 (midplane), 2 and 4 cm. Ihe results are given in

Fiqure 3. At the center of the coil, the measured value of 11.7

qauss/ampete aqrees well with a value of 11.85 gauss/ampere calcu-

lated for the coil geometry. ihe last election aperture was at

9.2 cm from the coil center while the photoemitte surface was

about 14 cm from the axis. In this reqion, the magnetic f ,ield

was an order-of-magnitude lower than the field inside the chamber.

lhus, we could neqlect curvature of the election traljector ies be-

tween the emitter and aperture.

Calibration of the magnetic field was confitmed also by sub-

sequent operation of the PESS with the photoemitter biased neqa-

l iely. In this case, low-energy secondary elections were accel-

r -ated and detected in the Faraday cup cot tesponding to the appro-

pr iate enrergy.

3. Elect ron Deteclors

Ihe election detectors were a set of Faraday Cups formed of

sheet bTass. ihese cups were enclosed and elect r omaqnet ica I ly

isolated from each ot her by a (It ourided st ruct ure covered or the

front t by a semi -t r arsparent brass screenl. Ihe cup dimensions

wete 10 mm wide, 10 mm deep arnd 70 mm high (paralle.l to maglnetic

field) with a 14.5 mm center -to-cent er spacinq. ihis depth-to-

width ratio for each cup minimized electxron backscatter arid a
3

earhon coating in the form of Aquadaq further reduced the

elect ron backscatter.

16
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ihe electi on signal ftrom each Far aday cup was tiransmitIted onl

a RG-174 coaxial cable to a 'acuum feedthrough. Since each cup

would det ect only a small ft act ion of the emi tted phot oe led tllrs,

pulse ampli fiei~s wer e used to incKease the signial le~els before

tirnsmission on long cables t o the recording inistrUmeritat ion.

Each Fat aday cup was dir ecti 1> grounded through 50 ohms to pr o\'de

the proper input. for the ampl if iceri. ihese pulse ampi fii es, had

gainis measured to be 28 to 31 dB wheni dr i~eni by a 50-ohm source.

The gains of these ampliftiers were r outinely measured at the beg-inl-

ri irig arid enid of each test se i es . Ihe ft eguericy r espbrise of these

Units were within 3 dB from about 20 kHz to better than 0[0 MHz arid

the output noise was less than 2 mV at full haiidwidt h.

,r osstalk between the Far aday cups was checked hy inject iinn

a fast-r isirg riar row pulse onito one cup arid obser \,iriq the pickUp)

on adjacent cups. The elect r omagriet ic isolat ion was found to rihe

hevt tt t harit 80 d113. The RF shielding On eacth CUP aISO 3ttIeCrluat ed(

s uf f icierit I> the pickup of f ields accompaiyiriq the elect roil pulse.

4. Calibration of PE99

[al ibhrat i on factor s wer e needed to detert mi nie t he eltect runti

(-iering , ieergy i esol[tt i on arid elect t ori coll ect ion ef f i ciericy II

t h f magn etI i c p h o to0elUC t Tonri s p e ctrio mcIt ( PEF5S ) . (Is ig t IIh e ba s ic

laws of physics, these caI i hr a t i o F f a ctor s wer i crv i (u1( friomi thev

geo nmevtry o f t he s ys t e m, s p e c f i ca 11y t he s ha p es a r id po sitI i oniis oft

thE- p hotI ne(-mi t t er , eIe c tr[on aper t ut c arid Far ada> CUPS, arid frIOM t ti e

magnietic field. Fr om t he f ield plots in F igure 3, t he magnevt ic

fe ivd was cons ider ed to he urii form bet ween t he aper t ure a rid( thev

Cups, whi le the much weaker f ield bet wier t he phot oemi t t er arid the

apex t ut v was assumed t o have rieligihie ef f e c onl elec It tor ni a v c -

tor ies.
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The calculated calihi at ion factors for the electon energ(y

arid enet qy t esolut ion depended pi ima rii> on the sizes and or ien-

tat ion of the elect ron aperture arid Faraday cups. A seconidary

factor was the angular dist ibut ion of elect ton trajectories

thi ouqh the aper tur e.

The electtorn apetture was 10 mm wide by 8 mm hiqh arid each

Faraday cup was 10 mm wide. Distances, y, from the center of the

aperture to the centers of the eight cups were: 35, 50, 64, 7B,

93, 107, 122 and 136 mm. 1he enetgy of an elect tori is piopo t i i rial

to the square of its cyclotron radius arid to the square of the maq-

net ic field. For 1800 focusinq of elections, the mean enel (1y

E , of detected elect ons is given in t erms of the applied maqnet
0

coi L current, i B, arid the diameter of the orbit, y, by thev follow-

inq expiession,

E : 3.01 (iny) 2 eV
0

whete iB is in ampere arid y in cm. ]he mean elect tori ene t gies

qigen by this expression are plotted in Fiqure 4 as a fun ction of

solenoid cur ent for the eight Faraday cups. At an) qi ven maqnet iv

field, the eight Cups spanned about a fact or of 2) in energy . (III

the aer age, the elect i ons appeared to have eneqies a few per cent

lower than was actual because of several factors: rnon- 1800 focus-

inq, di verqenc'e of the elect toris thiouqh the aper t ure and cut %at tire

of elect on t r aject or ies in the magnet ic f i e ld ahead of aper t u u.

Some of these effects par tially offset one another. 1ih.s e calcu-

lated values of the ener gy ca lihi at ion factors wet v in qood aqee-

merit with measur emert s of acce lerated secondary v le lOris desc ibed

later in the report.

The beveled sur face of the phot oemi tier mount r iq used f or

most of these measurements had dime-risi ons of 19.5 mm wide bv 9. 5 mm
2

high, qi virig an irradiated area of 1.81 cnn . A Iew of the mount en
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emitter materials had sliqhtl) larger irradiated areas up to 2.0
2 c 2

cm ; a larqer emitter of 3.2 cm was used in 1976 and at the

beqinning of the Match 1977 se lies. Ihe dist ance from the photo-

emit ter to the election aperture was 59 mm so that the apet t ur e

subtended a solid anqle of .023 steIr adian relati e to the photo-

emitter. Ihe qeomet t y of the phot oemi t tet arid aperture esulted ir
an angtnIatidistributior of elect ion .e loci ties t hr ouqh the aperture

ranqinq up to +14

lite er v qy spread, AE, of electi oris collected by each Farada,

cup depended on the cup width, aperlure width, separat ion y arid

mean elect i o nerierqy E . Ihe arnqular di erqerice of the electr otis

arid the locat ion of the Faiaday cups 1660 or 1560 orbits)

added 5;liqht l1 to AF, but these were neglected since their effect

fell wit hir the exper imerit al accuracy of the measur ements. Elect roni

scatter off the RF scr eenr in fr ont of the cups could also d r'qladt'

the eriergt iesolution, hut did inot appear to he a pi ohIem. In qtri-

er al , usaqe of a rectanqular aper tuie arid a ec tanqular detuct or

r esults in a trapezoidal enerqy dist r ihut i on for the cn Ile t rd el ec-

Sions in a magnet ic spec r omel er Si rice the a ir torie arid cup wi (it hs

were all 10 mm in PESS, the enret( dist r ibut ion was tr I IrIgUla 1 )(aked
2

at E . However , because of the erierqy drperderrcr ot y , th i s

t r ianqglar dist r ibuI i On is skewed sliqht 1,y to highfr rier i qies. lh is

effect is most pr onourced for the Cups near est the apet ure. he

ful hase widt h of the erer qy diistr i hution (det ected b) each cUp was

A E E = 2/y' with y in cm, while the fU Il width at half naxi mUm was

haIf he base w i dt h

I he f r act i on of the emit tv d E, I rct or is which we iv drl ct ed hy

the CUD o s depended ol tIhrIee fact ot s: arigi Iai (Ii ,,t i 11) ut i on of t h(.

emit I ed elect r Ons, the sot i d anq I sh t t nd'd by the aptUr toI aNd

the fract ion of t arismitt ed elect toris col let vd h\ t ie co ups. Ihe
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angular distribution of the primary elections is discussed in

Section IV of this report arid the aperture subtended a solid angle

of 0.023 sterradian. With reqard to the last factor, the primary

elections were assumed to be smoothly distributed over the artay

of Farad.y cups. In this case, a collection efficiency of 45% was

obtained fiom the [atio of cup width to cup spacing (0.69) and the

tianspatency of the RF Screen (0.66).

B. CALORIMETRY

The x-ray fluence needed to be measured on every shot, since

the output from the source varied greatly. heimopile calorimeters

were used to measure the x-ray fluences transmitted through standald

windows onto the photoemitting surfaces. Each unit consisted

of 100 gold-foil calorimeters connected in series to gi~e a much

larqer siqnal than obtained with a single-foil calorimeter and

therefore a better signal-to-noise ratio. A photograph of one is

shown in Figure 5. A pair of thermopiles were sometimes used moun-

ted side by side on one diagnostic port to gain increased precision

in the measurements.

the response of these calorimeters had been determined to have

an accuracy of +10%. However, the accuracy of the fluence measuie-

merits was degraded on some shots by excessive electrical noise or

variations in the filter thicknesses. Comparison was also made

with the fluences measured by PI personnel usinq other calorimeters.

C. X-RAY DIODES

lotal phoLoemission yields were measured using a 7-channel

ariay of x-ray diodes (XRD), which is shown in Figure 6. his

unit had been developed for other DNA programs to study the plasma

radiation from pulsed-power facilities. The use of this instrument
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Figure 6 Photograph of 7-channel XRD array. From left to right
components are: photocathode array, anode screens,
filter holder, MOUntinq ring
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during the SKYNET experiments had the three goals of determining:

1) time variations in the x-ray flux with a resolution better than

1 nanosecond, 2) time variations in the x-ray spectrum, 3) total

photoemission yields from different materials.

D. EXPERIMENTAL SETUP

The OWL i' exploding-wire facility at Physics International

Company (PI) had a horizontal axis with a cylindrical vacuum cham-

ber. A large number of diagnostic ports on the circumference of the

chamber allowed observation of the radially-emitted plasma radia-

tion. A picture of the facility is shown in Figure 7. Tests per-

formed by PI early in the SKYNET SGEMP program showed that the x-ray

flux was the same at all diagnostic ports. Distances from the

source axis to the various detectors were measured.

The diagnostic ports were provided with special fixtures ha\inq

thin sealed x-ray windows to isolate the diagnostic instrumentation

from the plasma environment. A separate vacuum system was used to

pump out all the diagnostic instruments. Because of the long pump-

out lines to the individual ports and the short pumping times (1'-

20 minutes), the pressure in the instrumentation was typically 1O
-2

to 10 Torr.

The x radiation was normally filtered by two layers of alumin,-

ized Kapton, one of which was the sealed window. During any giveti

series of experiments, the same thickness of Kapton was used o, ill

ports. However, the Kapton obtained for each series had suibstant la1

variations in thickness,ranging from 6.9 to 9.5 m (1.00-1.35 mq'cin 2 .

This variation in thickness caused less change in transmitted x-ray

hardness than the shot-to-shot variations. In addition to the two

layers of Kapton, the x-rays were sometimes attenuated using fine-

mesh stainless-steel screen to avoid space-charge effects. A few

measurements were also made using extra layers of Kapton or Mylar

to harden the spectrum.

25

S f



i qure 7 Phot nqrrph of (Ii aqroost i c inst ru]Ment at i on imouit ed or

Owl I I p I !-mal f ac iIit v
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E. SIGNAL RECORDING

1. Signal Cables

Electrical signals from the eight Faraday cups in the PESS

the photoemitter, seven XRDs and two calorimeters were transmitted

on coaxial cables to the PI OWL II screen room. Because of the

large size and design of this particular screen room, some of the

electrical noise generated by pulsing of the OWL II facility pene-

trated the recording room and was often observed on low-level

signals. The magnitude of this electrical noise varied widely on

different test series.

The coaxial cables used for these measurements were RG-223 and

RG-214, both of which have double braided shields. It was antici-

pated that several of the PESS signals would be very low in ampli-

tude even after the 30-times amplification. Therefore, the eight

amplifiers and the associated bundle of cables were enclosed in an

aluminum can and a large braided-wire conduit connected to the

screen room. Many of the other coaxial cables were also enclosed

in braided-wire shields to ensure minimal noise pickups.

The length of the RG-223 cables was 45 feet (13.7 meters) so

that the attenuation was 2.2 db at 100 MHz increasing to 4.7 db at

400 MHz. The 15.2 meter RG-214 cables had RG-223 extensions in

the screen room, but the overall attenuation was still substantially

lower than the above values.

2. Recording Instrumentation

The electrical signals were recorded using Tektronix oscil-

loscopes equipped with cameras and Polaroid film. During the

several series of experiments, various oscilloscope models were

used. The fastest recording was on some DNA-provided 7903 units
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which had a bandwidth of 500 Mliz. Ot her mode Is us ed wer e R7704,

485, 475, 465 arid 454A. 1hese units had bandwidths of 100 to 30t0

MHz . Undert f avort ab le cond it i onis, signalIs werie r ecor ded w it h t inme

r esolIut ions unde j 3 nanoseconds anid a rno i se I evelI underi I rnV.

At other t imes, wheni the ambient elect i cal inoise was high, band(-

widt h limitat ion was used that slightly initegrat ed the signlals.

Onl the last, set i es of expet imerit s, a comput er -based CAMAC

system was added fat additijonal recording capability. This sys-

em, deke loped for uise onl DNA progr ams, elect touical 1) 1 ecor ded

the initegr als of the It arisienit signials arid pr ocessed the dat a.

A picture of the CAMAC eguLipineint i s shown inr F igur Ie 8 . I ind ddi -

t. ion , t he ca I r i me t ert s igri a I s wer r , eco a neud arid prioce ssed . (lrie

t he niumber o f osc illIoscopes was i mi ted , t h is CAMAC sy st em pe Imi t-

ted t he S iMU I t arieous i ecor di rig of a I I t he s i gina I s. 1 he PFE );.-; "nd

XRD signals were recorded simultanieously as much as possible usrin

power tees" oni the signal lines.
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III. SKYNEI EXPERIMENTS

A. X-RAY SOURCE

The results given in this report were obtained du[irng four

SKYNET series of experiments on the PI OWL II' x-ray source, in

March-April 1977, Auqust 1977, No%ember 1977 and February - March

1979. During these operations, a useful shot was one qivinq an

acceptable radiation output plus a properly-timed triqqer pulse.

For the four series, the range of listed shot numbers and number

of useful shots were: No. 3602-3679 (64), No. 3903-3966 (56),

No. 4148-4188 (29), arid No. 4759-4811 (29). Some of the. e useful

shots provided only limited information because of various pioblems,

such as excessive noise on signals or improper vacuum in diaqnost ic

instrumentation. For completeness, results for a silver emitter,

obtained during a SKYNE1 test series in 1976, are also included.

Some of the early results arid analysis were published.
5

The x-ray source in the PI OWL II' facility was formed from

magnesium-alloy aluminum wires and the output spectrum had been

measured by PI personnel during some early series of expeiments.

This spectrum consisted of the following components: He-like Al

lines from 1.6 to 2.0 keV, H-like Al lines from 1.7 to 2.3 keV,

Hte-like recombination continuum above 2.0 keV, H-like recombinat ion

continuum above 2.3 keV and maqnesium lines from 1.3 to 1.9 keV.

Undoubtedly, there was also some hard bremsstrahlung radiation

extending up to over 100 keV. ihe predominant lines were the

He-like and H-like Al lines at 1.60 arid 1.72 keV, respectively .

About half of the recombination radiation was in the 2.0-2.3 keV

range although this continuum extended out beyond 4 keV. Ihe

tadi at ion spect rum t r arismi tted through the standard windows nor -

mal ly nor responded to anr effe ct jvv enerqy of ahouit 1.8 keV arid

cou ld he modeled by assuminq 4nf0 at 1.65 keV, 50% at 2.0 keY and

l018 at 2.5 keV.
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The x-ray spectrum generated by the source was fairly repro-

ducible; the largest variations were in the higher-energy continuum

above 2 keV which ranged from 25 to 35% of the total. On the

other hand, the variation in thickness of the Kapton filters used

on different test series resulted in significantly different

x-ray transmission at the lowest x-ray energies. The x-ray

fluence and time history did exhibit large variations over the

course of the experiments; the fluence varied by up to an order of

magnitude and the pulse width varied by over a factor of three.

B. PHOTOEMITTER MATERIALS

During the several test series, a large number of different

emitter materials were mounted in the PESS for measurements of

photoelectron energy spectra and yields. All the materials were

deemed relevant to understanding SGEMP responses. Several of

these materials were supplied by Mission Research Corporation (MRC)

as samples of what was mounted on models used in the SKYNET SGFMP

experiments; these included gold, silver, anodized aluminum, thick

Kapton, thick Teflon, white thermal paint and solar cell covers.

The other samples were selected as representative materials used

in the tests.

The samples were attached onto the beveled surface of the

photoemitter mounting using either small pieces of tape on the

back side or vacuum grease; the method depended on the thickness,

size and flexibility of the materials. Outgassing of the tape

was deemed to be inconsequential compared to that from other

components in the vacuum system.

Two or more sample 3 of some materials were studied to deter-

mine reproducibility of the results. Cleanliness of the irradiated

surfaces was preserved as much as possible. It was found that the

primary yield was not sensitive to surface condition provided any

contamination from handling was wiped off. The following materials
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were studied:

1. Aluminum foil (Al). Standard (18 m) and heavy-duty

(25 m) Reynolds wrap.

2. Gold (Au). Two types of samples were used; one was

gold-coated copper-clad PC board from MRC with the

irradiated surface electrically connected to the

mounting and the other sample was gold-coated copper

foil.

3. Silver (Ag). A coating on PC board obtained from MRC.

4. Aluminum oxide (Al 2 )0 Anodized aluminum sheet

obtained from MRC.

5. Copper foil (Cu).

6. Carbon (C). Two types of samples, graphite shezt

and Adrodag.

7. Glass (SiO 2). A piece of a microscope slide I mm

thick and a piece of microscope slide cover 0.2 mm

thick were used. These glasses are assumed to have

some small but significant percentages of sodium,

potassium and/or calcium in their compositions.

8. Mylar (C 1 0 H8 0 4 ). Thickness of 7 m with the

backside in good electrical contract to the mounting.

9. Kapton (C 22H N205). Two sample types with

thicknesses of 8 m and 125 m. Backsides of all

samples were aluminized. Since the thin Kapton was

obtained from rolls, there may have been some slight

amount of aluminum on the front face. The thick sample

was from MRC.

10. Teflon (CF2). This sample from MRC was 125 m thick
2

and the backside was coated with silver.

11. White Thermal Paint. Painted on aluminum foil from can

provided by MRC, it contained an unknown amount of lead.

12. Solar Cell Cover (MgF2). this photoemitter, obtained

from MRC, was 0.3-mm-thick quartz (SiO ) with an anti-

reflection coating of MgF 2 .
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Samples of alIuminrum f oilI were studied on ev ery test set i es to check

the reproducibilIity Of the PESS. 1 he compos it i on of so me mate vii lIs,

riot ably dielect i ics, were riot well k nown . F or instance, the glass

Mic[osoepe Sl ides Sur ely had some soda, l ime or potash added to the

SilIi ca. P o 1meis, such as Mylar arid Kaptori H, oft en h ae pi opr iet arIy

plasticizer s ad de d to t he composi t ion. Of cour se, the aluminum foil

had the normal oxide layer with a thickness of 3-5 nanometers. Ini

addi tion, all suirfaces probably had a very thin layer of hydi 0-

carbhon cont aminat ion friom t he %acuum syst em.

AllI of t hese phot oemi t t e mat er ialIs wer e mount ed on a bhe ve d

PE SS mount wi th t he surI f ace ri malI po inrted t owarId thfe elect tori

aperture. In addition, a set of data was obtained with a gold

emitter Totated ahout its support axis hy angles of 600, 9f0 anid

180 0 Daawas also taken with an aluminum foil ott a hemicy liii-

drical form 19 mm long with a radius of 5 mm.

Sev eralI of the above mat er i alIs werIe used as pho t ocat hode f nri

t he XRDs. I hese wet e a mini rium fonilI, 0. 2-mm glIass, 6-iim My I ar , hot h

t hicknesses of Kapt or ( 7 arid 125 I'm) , 12S - m I ef I on , wh it e t her malI

paint and t he 0. 3 MM SO lar cell covr wi th i ts MqF 2 coat ir. lit

addi t i on, gr aphi te was used in t he foi m of Aer odaq arid thte hirass

mount i rig i t se I f Was used.

C. G;ROUJNDED PHOIDEM11IER RESULIS

I he energqy spect r a of emi t ted pr imar y e lect r oris were vdet ei

minted frtom t he measur emerit s usi ng a qr ourIded Pilot nemi t terI (rio0

tapplIi ed hias) itt the P ES S. Data were ohtairied on se%.eial shots

for a gi %eni phot oemi t t eri ma ter i a 1 I I I~u I ri thee s ,h ot s, thev magq-

ne t- co~il c urr tenrt, i., wa s f ft enr set at d if f eirent % a Iu es to n %air

the energqies of elect t ons detected hy each Faraday cup. I hI sI permitted coverage of a hroadeitrange of elerctiroil erinies from
O.1 to 5 keY, pride~id a smoother spectrum, arid %r if red that all

dlet ect or channiels had the vot reel i espousvs.
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1hree re-present at iie Set SOf S in q1) Ii aces IF arIef shownin

Figure 9-1l for ph ot oemitI t e Is of- golId at)d( aIumin rum; t heC colle vc te d

elIectII rn SPro 0d uc ed riegqat i ve s tinalIs. he tinis e Ie eIs of 1 -4 mV

or) the-se signals is typical of half the usable shot dat a. [in theic

shots' using a quid emitter, as ini F igure 9, the time hi st or i vs of

the signials were the same ini t he .6-2.4 key rafige anid exhihited

onily a slight chaniqe ini the r elat i v peak ampIi t udes at higther

e lect Olt eniergievs. At lower elIect I ori enieri es be low 0 .6 keV,

t her e was a siqnii ficarit snootI h inq in iiIhe S IrIuctur LVOf t he t i met-

% at rig signalIs. Simi lat uifor mity) in the t ime histor y acr oss

he elect roni enietgy spectrum was obser ~ed f or most of t he ot her

phot oem it tet mater jals. I hev ar gqvst t ime % ar I a t innils inr t he veec-

trIonl eniergy spectira werev ob ser I ed usingq all aluminum phot oemi I t erI

as showni in F igures 10 arid I11. (Inl each of maniy such shots, thev
ele vc t tn is a h o 1 I. 4 k eV had a sigif icanitly di tffe rnt t ime his-

t ory frIom t hat of electrIonis ini the n . 7-1. 4 ke-V r arige . A Simi IanI

reSUlt was obser~ed ini the emnissioni fno urqlass--elect i ons col lected

nf the chaninel cenitered at 1.82 keV had a srnoot her t ime history

hani the electr nis obsen 'ted oni the lowerT-eniergy chanie Is-

I he PF SS da ta f rom each shot wer e used to (Ieri~v a photoelec-

o In e e r g q spetrum ini t he fo ilowi rig f ash init. From measuremenits ott

t he oscilIloscope tiaces, %alues fot the peak cut iet, I., arid

effect i 'u pulse width, Tr, of each Faraday CUp signal were obt airined.

I he a ccu r a cy of d etIe iii igi e f f eel iv '.e p u1Se W id th s N wis Checkedc h

digitizirig a few traces. ti g-enerali, the pujlse, widt hs of all

signrals fot a g i %(en shot we r e reat I v t heI s a: in at i a t ioniis wet e oft

t.he t y pes showni itt F igqures 9 -1 1I. Ihev c h a rge conI E ec t td b)y ea uh1

cup was t hen qg I T wit h arm aectir acy o f + 6 ''. Values 1 F f on t hr

cot) I e vvtF- d rhargeqvs, were als o ohtI a i tied dunI i iig the, lat I r-st se I v

frIom t he inr egi at ved s igqria Is meva stjr I n-d ott 1 hv (A MA C s N s t e m. Hl)

s inalIs were I h andeI vd inni t he vame waN
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CUP A Ee0 .20keV CUP E Ee =1.38 keV

27 pA 65p

div aluMMOMEMER di

CUP B Ee 0.40keV CUP F Ee 182 keV

27 pA65p

div div *

CUP C Ee O65keV CUP G Ee 2.37keV

27 pA 27 pA27yjA I

div 'L div . F:

j~~~. -1 Y 10

CUP D Ee =097 keV CUP H Es 2.95 keV

65 pA26p

div rljM IR rXUUON div

TIME -2Onsec/div

Fiqure 9 Photoelertron siqnals from qold on Shot No. 3621
(qrounded emitter). Magnet current was 2.3A and swetep
was 20 nanoseconds per division
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CUP A Ee =0. 14 keV CUP E Ee 1.O3keV

27 pA 65g7A .7, 1 7*1 4

div L UDDrJL. i

CUP B E = 0.30 keV CUP F E - 1.37 keV

____-W 65 PA

div _div

CUP C Ee 0.50OkeV CUP G Ee =1.78 keV

27 pA 27 p

div div fl EUINORC
wu...,

CUP D Ee = 0. 73 keV CUP H Ee = 2.22 keV

65 pA ~I I j i26pA
div EEEEEEEENdi

il

TIME -20nsec/div

im 1(1 Photnmelect ron 'diias f ri)m al1uminu Ciii '_h iii e

w a 20 r;fi i i diiIV I S I fl

IL7



PHOTOEMITTER CUP E Ee =1.27 keV

0.2 PA *uuu u u Him
div MONEEIIEEU3

CUP B Ee =0.37 keV CUP F E - 1.6-7keV

27Pv div

CUP C Ee =0.60OkeV CUP G Ee 2.18 keV

27 pA -dLiI:28 pA

div I~1?]div

CUP D E. 0.89keV CUP H Ee 2.70OkeV

di .. . div

TIME - 20 nsec/div

Figure 11 Photoelectron signal from aluminum on Shot No. 3672
(grounded emitter). Maqnet current was 2.2A and sweet)
was 20l nsec/division
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In obtaint an energy spet turn from the charges collected by

t he atrraN, of Far aday CUPS, each va lue of q was di vided hy the

con espondinrg va lue of AE arid h> the ca lor-imeter signlalI, W, f of

that shot. When applicable, t he %a lue of W was reallty I1W w h Ere1e

was t he t irnsmi ssiori of t he ad ded setreen . Several sets of result inq

energy spet r alI dat a ar e qi~err in Figureus 12 l.a 17 wit h the spect i al

int erisit y , q,'WAF, plot ted as a f unct ion of the electi art eny YEv

A Il these data were mutipl ied hy a common, at bit iat y scale t f act or

f or (,on erri erce in compar i nqt hie r vtat i e spectr t Ijlc ds . I heI
energqy sca le is that gien in Sect ion I l.A.4. Small adjust menits

in t he energqy sca le, to0 account f or tIhe actualI e lect r on tri aject or ies,

arie inc luded ini Sect ion IV .A. 2 , when values for t he absolut e spec-

tia I y iflds arev dlei i ved. Most of t he indi \, i dualI dat a point s in

these f igures are ident if ied by shot number. AllI of t he da ta werie

init ia~l>l plot t ed in t his form to deter mine i f ther e werev consis-

I enit di sD I acement s bet ween set s of dat a. I t must he emphasized

t hat valIid dat a for some mat erials wei e obt ained ott only one or

two shots. In those cases, t her e was less e liahiIi t y in the r

ma lizat ions. Scatter arid var iat i ors i n t he spect r aI dat a ar o se

frIo m sE.e Ira I so urtc ES: iriaccur acies in measur ing the si gnal int en-

sit jes and pulse widths, irnta c v u a c ies i n t he x -r a> ylu en cv, ch a ngevs

in x-r ay spect, tum f'Tom shot to shot , art occasional incor i ect set -

tirtg of the magniet ic-coilI cutrrent, R 9 and cont aminat ion of t he

photoemitter surfaces. r ot cIai ity i n t h ese f igqurte s, theu s iz es o f

most symbols ae- larger than the uncei t ainties in measur irig t he

collected char ges. I he l a gek-s t vt r oris we re i rn measur inq the small

signalIs at the low arid high electrTor enL rgies.

Ihe data f rom a given set of shot s genet al 1> exhibit ed gond

corisi stency , such as those shown inr F iu gu s 12 arid I)~. Oit the

other hanrd, dat a friom di ff erent test serieus somet imes exhibi ted

sign i f i cant di f f et enices as shown in F iqur es 13 arid 14. 1 ii ParIt i -

culIar , t he alumrrin)um-phot oemi ssion dat a friom t he thr ee tefst se ies

ri 1977 showed good agrevement, but t he Febr uary 1979 dat a werev
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Figure 12 Photoelectron spectral data from aluminum mounted on
hemicylinder. Data normalized to incident x-ray
fluence with arbitrary scale factor
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Fiqure 14 Normalized photoelectron spectral data from qold.
Emitter rotated on axis to different an(Ileg relative
to direction through aperture. Two sets of data at
90° ohtainf.d with emitter rotated in opposite dir'ec-
t ions
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Figure 15 Normalized photoelectron spectral data from copper
and graphite
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Fiqure 16 Normalized photoelectron spectral data from white
thermal paint and solar-cell cover glass
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Fiqure 17 Normalized photoelectron spectra- data from Mylar,
Teflon and two thicknesses of Kapton
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quite different. Similarly, the November 1977 data for qold dit-

fered substantialIy from the March 1977 results. Se .eI aI possibl .

explanations for these changes were considered irncluding alterationl

of Faraday cup orientation, incorrect values of magnetic field,

cort amination of photoemittet sur face arid chanqes in it tadiat iton

spectrum. However, rio one single phenomenon cou Id account for a I 1

the ohservations.

Photoemissiori spectral yields from qold were also measured

with the emitLer mounting rotated about its axis arid these tesults

ate shown in Figure 14. With the emitter at 600, the siqnals

were about half as larqe consistent with a cos 0 anqulat distri-

bution. ihe small siqrials observed with the emitter rotated to
90 0 arose from the finite size of the apeturfe so there was riot

ar exact 90 emission angle. Ihe rotation anqe of the emitte

was riot exact as e i denced by the di scr eparicy bet ween the two sets

of data obtained with the emitter rotated in opposite directions.

In addit ion, space-charqe effects probably caused the electIons to

diverqe sliqhtly. At 1800 the very small signals ate attrihuted

to photoemissiori off the edges of the emitter.

Photoemission from the inrsulatinq materials exhibi ted almost

the same reproducibility in the data as the corductors. 1he pri-

maty-electron enerqy spectra emitted from the thin sampl es of My tar

arid Kaptori were near ly the same, a- shown in Figure 17. Oin the,

other hand, there was substantially more photoemissiorn from the

thick Kapton at enetqies below I keV than obsuired from sampl es

of thin Kapt on. In fact, the spectral yield from the 125-im-t hick

Kapton was vey simi lar to that of the thick 1lef tori. No explarra-

t ioni was found for the aromalous photoemission from this thick

Kapt n. .
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Photoemission foom anodized aluminum was similar to that

from aluminum with a reduced spectral yield around the peak.

The primary-election emission !ram the thick and thin sheets of

glass appeared to have the same energy spectrum but the yield

from the thick glass was about 4fl% lower.

D. BIASED PHI1OEMIIIER RESULIS

An additional goal was to determine the yield of secondar

elections from the various emitters. To detect these low-enerqy

electrons, the emitter was biased neqativet wilh respect to the

chamber so the low-energ) elections were accelerated to hiqher

enerqies and then were resolked by the magnetic field. 1hese

biased-emit ter measur ement s also ser ved as an ex en imert a1 energy

calibration of the system.

When the x radiation was filtered by only the normal two

layers of Kapton, the emission of secondary electrons from the

biased emitter was space-charqe limited (s.c.l.). Therefore,

the majoiity of the data was obtained using one or two layeIs

of stainless-steel screen, with a transparency of 0.36, to atlen-

uate the incident x-ray flux. Applied bias potentials ranged

from -320 to -1440 volts arid the magnetic field was adjusted so

that the secondary elect rons were collected by the second, third

or fourth cup from the aperture. A couple of measurements weie

also made with the emitter biased positive to determine its effect

on the primary emission.

Representative sets of signal traces are shown in Figure 18-

21; the x-ray outputs were similar on all these shots. the first

two sets for flat gold and aluminum emittets, Fiqures 18 arid 19,

were obtained with no x-ray attenuating screen arid the secondary-

electron signals on cup C exhibited extreme space-charqe limita-

tion. This is reflected by the signals going to zero just when
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CUP A Ee + VA =0.45 keV CUP E Ee + VA =0.73 keV

67 pA 667pA

div ci

CUP B Ee + VA -0 CUP cuG Ee + VA= 1. 72keV

267 pA 66 pA

div M a(liv

CUPCD Ee + VA =32e CUPGH Ee + VA 21.30keV

div~ div

TI E 2 rsdiv

f i r 1H Ph nt nfv I rt ro fum~iI Iicn f k it r(c Id h w d ;0In~I i -W f

vo It tlot %o. if i" wi I 



PHOTOEMITTER CUP E Ee VA 0.67 key

0.1A 68 LIA

div 11 :div
CUP B Ee + VA -O.23keV CUP F Ee + VA =1.7 keV

27 pA 67jiA

d -ivdiv

CUPC Ee+ VA=O0 CUP G Ee + VA = 1.58keV

117iv 66pA

MTU div

CUP D Ee + VAO= .29keV CUP H Ee + VA = 2.10keV

27pA 13piA

div div

TIME 20 nsec /div

iqire 19 Phot op lect ron s qInal s from flIat alum inum h ised at
-600( volt;: Shont No. 1674 with I-2.A
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the primary election emission peaks. When the emitter was aluminum

on a hemicy indi ica I mount inq, the secoridar y-e lect r on siqnals were

moderately space-chatge limited with no attenuatinq sceen (Figure

20) and exhibited no limitinq with one screen (Fiqure 21).

1he biased-emitter signals had some important features. First

of all, some elect rons were det ected in t he cup cot r esponidirg to a

lower enetqy than the one collect i rig the secoridar y e lec i otis.

Ihese electi tons were assumed to be acceletaLed secondaries that

were scattered off a qiounded surface that could be %iewed by a

small part of the aperture. For moderate space-charqe limiting of

the secondaries, as at 0.65 key in Fiqure 20, the elect rons detec-

ted in the lower-energy cup (0.40 keV) had the same time history

as the primaries. In the results show; in Figure 21, the time

history of the secondaries at [.65 keV was the same as the accel-

er ated primaries at 1.38 arid 1.82 keV. Howeer , the higher-erietgy

elections detected at 2.37 keV had a differ ent time histoty arid

the elections at n.97 keV also followed this temporal history.

Such photoemission fraom aluminum correlates with other ohserva-

tions such as shown in FiquTes 10 arid 11.

Primary-electron enetqy spectra were deried from these data

in the same way as for the qr ouided photoemi tter s. Ihat is, the

charges collected by the hi qher -energy cups were divided by the

appropriate values of E arid by the product , 1W, Of sCr eeri t rairs-

* mission arid calorimetet signal. These 'alues werec plotted against

the sum E, + V for comparison of the energy spectra with the

unbiased results. Sets of spect tal data ohtained from a hiased

ft at gold emi t t er are, shown in F i gu r e 22.

Ihese spec tral rsuIts are reptesertat ie. of what was ohseI ud

from biased emitters that were cor(dctjtots on thin irisulat ors . m-

pared to the grounded-emit Iet resuIts, the spectral alues with
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CUP E Ee + VA =0.73keV

67 pA

div

CUP B Ee + VA =-0.25 keV CUP F Ee + VA =1.17 keV

28 pA 117paA

div div

CUP C Ee + VA =0 CUP G Ee + VA =1. 72keV

267 pA 66pA

cliv fjiV

CUP D Ee + V A =0.32keV CUP H Ee + VA 2.30keV

67 pA 13pA

ii clIV

TIME CUPS C. E 20nsec!/div

OTHERS 50nsec/div

FigtirF- 20 Photoelectron siqnals from rylindrical aluiminuim
hiased at -6'M volt; ')hot No. 41')') with 1 23
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PHOTOEMITTER CUP E Ee + VA 0.73 keV

=EiEUEEE W~ii 4F

0.14 A 26 A

div s umpa estdiv

CUP B Ee + VA = -0.25keV CUP F Ee + VA = 1.17keV

27 pA 26 pA

div div

CUPC Ee + VA 
= 0 CUP G Ee + VA = 1.72keV

267 pA 13ijAdiv t i

V div

CUP D Ee + VA = 0.32keV CUP H Ee + VA = 2.30keV

27 pA 13 pA
div div

TIME - CUPS C, E, G 20nsec/div
OTHERS 50nsec/div

Fiqure 21 Photoelectron siqnals from cylindrical aluminum
hiased at -650 volt with x-ray intensity 40% of that

in Fiqre 20; Shot No. 4156 with I - 2.3A
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Figure 22 Normalized photoelectron spectral data from gold
biased at different potentials. Energy scale E is
emission energy with applied voltage subtracted from
detected energy

52



a negat ive bias were much lar ger at low electiTon energqies arid con-

, eiged to the unbiased iesult s in the 1.0) - 1 .5 keV rnge, but then

di ,er ged somet imes at hiqh enet givs. Ihe enhaniced signalIs at low-

e lect r ori crier gi es wer e caused by a focusing ef fect of t he applIi ed

elIe cti c f ield; that is, the emission triajector ies were de~i at e d

slight1 toward the surface normal so that more passed through

the aper t u i e.

I he phot oem iss ion signials friom t h ick d ie I ect t i cs on a h iased

moun t inrg showed some anomo bus behavi or. Inr t he case of t he I -mm-

hick glass, t he s.c. 1. emi ssiori of thte secoridar ies di f f ei ed fj om

t hat of conduc t ors shown ini Figures 18 and 19. The heqiiirigi of

the signials werev the same, r ising dur irig the ini tial toot of the

X-r ay pulse arid dr oppinig to zero at peak x-r ay irnt eisit y. But

then) the di ffer erice ar ose. 1he secoridar -elect r on signial friom the

glass remairted rtuar zero for the temainder nf the pulse instead of

iricreasing to a l atg qE \aluie when t he x-r a> initerisit > was lower.

Su~ch hehav ior was caused h sur f ace char ging of this thick inrsu la-

or . F or this thickness of glIa s s, the magriit ude of t he e-mi tt ed

riegat ive chargqe dur ing t he f irst half of the pulse lef t the sur-

face at least 11)00 volt s posit i\(e with respect to the biased

photoemitter mount. iherefoie, there was no accelvirat jii elvct i t,

A guile di ffei etit behavior was observ\ed in thte photoemissioll

friom the solar -cellI cover . I he secondar e ulect rns were detvet ed

w it h an a,*,eriage eniergy ort I y haltf t hat of t he applIi ed po t ent i atI

S ince the % aoIumv revs ist i % i ty of t he 0. 3-mm-t hi ck qua t t z was ex-

t r eme Ily h igh , a possiblev etffect was e lect r i ca I conduct i~ % t thlitough

t he revsidualI gas i n t he chamber t herieh l ower i rig t he Stir f aCeC pot(v e-

tlal on tiv cover glass. lo check t his hypothesis, f ive f ifie- wile s

werte laid acr oss the sur face of the c o %v glIas s an d a t t atch vd t o t he

bi ased mount j ig tUnder t hese condi t i ons, t he aver age vee gy oft the

seconidaryeI elec ronis was increase-d to about R1% o f thte applIievd h) 1 1S
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of -970 V. This observation is consistent with the hypothesis, but

it is difficult to explain a steady-state current of sufficient

magnitude through the poor vacuum.

The secondary-electron yield from the thick Kapton (125 rm)

was unexpectedly very low. It was several times smaller than the

yields from the thin sheets of Kapton and Mylar that were studied.

This probably resulted from a different surface composition but

surface charging is also a possibility.

E. TIME RESOLUTION

One of the original PESS design goals was a time resolution

of 3 nsec. During the early test series, the time resolution

appeared to be at least this as observed on 100-MHz oscilloscopes

(rise time of 3.5 nsec). To determine the full capability of the

instrument, 500-MHz oscilloscopes with risetimes of 0.8 risec were

used during the November 1977 test series. Some PESS signals were

recorded simultaneously using 500-MHz and 100-MHz bandwidths. The

higher bandwidth gave only slightly better time resolution as evi-

denced by slightly deeper valleys between closely-spaced peaks on

the signal traces. The slower ocilloscopes recorded the signals

with adequate fidelity, because the risetimes of individual peaks

were only rarely shorter than 5 nsec. In addition, the coaxial

signal cables had more attenuation at higher frequencies.

Two sets of signal traces are reproduced in Figures 23 and 24

for shots taken with unbiased and biased aluminum on a cylindrical

support. The signals from Faraday cups E and F and from two XRD

channels were recorded on 500-MHz oscilloscopes. Several important

observations were made on these signal traces; signals obtained on

other shots were in agreement. First of all, the predominant elec-

tron emission around I keV (cup E) had the same history as observed

on the XRD filtered by the standard 19- m Kapton. This is evidence

that the PESS did not limit the time resolution of the photoelectron

signals generated by the OWL II' x-ray output.
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CUP B Ee =0.37 key CUP E Ee =1.27 keV

13 ______ .-.M".. . . . ..7

A3i 1p
div divI -a Q jniInni,-

CUP C Ee 0.60OkeV CUP F Ee 1.67 keV

2 7 pA r3 ljr .ID313 G C 0 27 pA

div *l div _

CUP 0 Ee 0.89 keV CUP G Ee 2.18 key

___A l3pA M

div div

XRD-3 19jm KAPTON XRD-1 160pm MYLAR

20OmA 0. . ,UWAb.

-div (fi

TIME -. CUPS E, F, XRDs 2Onsec/div

OTHERS 50nsec/div

Fi qij re 2 5 Phot oem is mi on s i oa 1 f rom unh i wwd aI ll, iill, l wi IE

r'y I i dr iral ;imppi-irt p I u-,- r rf'!ponlri tilt I 1I 011)
,Irwrah; for ")hoit Numhi'r 41H04. in 111 \10),; .1i

PLJ% Cups E and F recorded ait 20 fl,'(liv on 790,-
o-,cil1loscopes; other signal,, recorded )t Y) wve(/di v



CUP C Ee +VA 0 CUP G Ee +VA 2 .5 5 keV

267 pA pMI

CUP D Ee + V A =0.47 keV

27 pA

CUP E Ee + VA .07 keV XRD-3 19im KAPTON

divdiv 4

CUP F E0 +V 17 3 keV XRD-1 16Opm MYLAR

l~pA 0.4 mA

div ~j3N E~~div4

TIME -CUPS E, F, XRDs 2Onsec/div

OTHERS 50nsec/div

F igure 24 Photoemis-,ion .siqnaln from aluminum emitte-r qine t

-970) voltq p~w; rnrresponding filtered XHI) ii~jnal,
for 5hot Number 4188R. Signals from XRDs and PfYc)rip
F aod F rerordipd Rt 201 nser/div on 79fli osri I Iosrnpls;;
other sirloain recorded at 501 nsec/div.
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Second, when the x rays were sufficiently attenuated that

secondary emission was not space-charqe limited, the secondary

electron emission matched the emission signal around 1 keV. This

can be observed by comparing signals from cups C and E for shot

4188 in above 1 .4 keV had a significantly different time history

with less "spikiness" than the lower-energy electrons (compare

signals from cups E and F in Figures 23 and 24). This phenomenon

was already described in the preceeding sections.

The last observation was surprisingly inconsistent with the

XRD signals. As just noted, the higher-energy photoelectrons from

aluminum had peaks greatly reduced in intensity relative to the

broader valley between the peaks. But when the x rays were

filtered by 80 pm and 160 pm of Mylar, the opposite trend was

observed. The narrow peaks dominated the filtered XRD signal with

very low amplitudes in the valleys between the spikes. Detailed

analysis of all experimental methods rules out the possibliity

that the variations in observed signals resulted from the instru-

mentation. Such aspects as electron scattering could not affect

the signals over times greater than a few nanoseconds.

F. XRD RESULTS

The photoemission from a variety of materials was studied

during the 1979 test series using the XRD array. Although the

integrals of all signals could be recorded on the CAMAC system,

the limited number of oscilloscopes permitted observation of the

time histories of only half the signals on each shot. The empha-

sis in this set of measurements was on determining the total yield

from e3ch material when the x rays were filtered by the standard

two layers of Kapton. Therefore, very little data was obtained

on the time variations of the x-ray signal as a function of filter

thickness, as described in the preceeding section.
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Besides the Kapton filter, the x radiation was attenuated by

the anode screen plus additional screens on some shots. Anode

screens had a trtansmission of eithe1 36%0', 90%, 97% or 100% ( n o

screen). When minimum x-ray attenuation was in the line of sight,

the largest signals were slightly space charge limited on some

shots. But this had an insiqnificant ef feet on the irntegi als of

the signals. With the common Kapton filter ahead of all the XRDs,

the time histories of the emission signals from different materials

were essentially the same on a gi~enr shot.

Data from different shots were normalized by di'.idinq the

emitted charqe by the product IW. Ihe photoemission signal from

thick Kaptonr was less than half that from thin Kaptorn just as was

obserTed for the secondary electron siqnal in the PESS.
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IV. ANALYSIS OF SKYNET RESULTS

A. PRIMARY ELECTRONS

I. Integrated Yields

The yield of primary electrons was determined from the energy-

resolved data from each shot by summing the charges collected by the

Faraday cups. This sum was transformed back to the number of emit-

ted primaries by application of appropriate factors for the angular

distribution of the emitted electrons, the solid angle subtended

by the aperture between emitter and Faraday cups, and the cup col-

lection efficiency. As already discussed in Section II.A.4, the

solid angle was 0.023 steradians and the collection efficiency was

0.45.

A suitable factor for the angular distribution rests on the

following assumptions: 1) the yield is independent of x-ray angle

of incidence, 2) the electron energy spectrum is independent of

emission angle, and 3) the number of electrons emitted per ste-

radian follows a cos distribution with respect to the surface

normal. rhe first assumption is valid at the low x-ray energies

encountered in these experiments as verified by previous theore-
6

tical and experimental results. The other two assumptions are

also based on prior theoretical analyses and are consistent with

results given in Section III.C.

In particular, the spectral yield from aluminum foil on a

cylindrical form was the same as from aluminum on the flat surface.

This is consistent with a cos distribution. It is conceivable

that space-charge effects could cause a slight deviation from the

cos distribution. However, within the accuracy of the measure-

ments, there was no correlation between the derived yield and the

x-ray intensity. On the other hand, as described in Section III.D.,

more primary electrons were collected by the Faraday cups when

the emitter was negatively biased.
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All the primary-electron data from the different test series

were intercompared and analyzed for sources of uncertainty. ihe

resulting "best" values for the yields of primary electrons above

100 eV are given in Table I along with values for the estimated

uncertainties. These uncertainty values include the + 5% inherent

in the calorimeter responses arid were also based on the number of

data shots, the quality of the data, the reproducibility of the

results, and consistency between the results for different mater-
ials.

Some values of primary-electron yields were also derived

from measurement3 of the photoemitter current when the emitter was

at ground potential. In this derivation, it was assumed that the

secondary electrons did riot move away from the surface because of

heavy space charge limitations. Owing to a lack of recording chan-

nels on all but the last test series, limited data were obtained

for only a few materials. The resultinq yields are also listed in

Iable 1. There is remarkably good agreement between these values

and the Faraday-cup results for most materials--at worst, the values

for white thermal paint differed by a factor of 1.5.

In Section VII, several of these primart-yield values ate

compared with values obtained from steady-state measurements usinq

monochromatic radiation.

2. Spectral Yields

To obtain spectral yields for the primary emission, judqe-

mental best-fit curves were drawn through the spectral data given

in Section III.C. lhe enetqy scales were modified sliqhtly to

account for the actual electron orbits in the PESS. 1hese cur vs

were then normalized to the pt imaty yields given in the preceedinq

sect ion. ihe tesultinq spectral yields are qiven in Figures 25

arid 26. It must be noted that the distr ibutions were smoothed by
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lable 1. Primary election yields, Yp, derived fom summation

of Faraday-cup cutrents and from net currents off

q gounded emitters. Values are "best" yields from

five test series. Uniits are 1O13 elections/joule.

t

Faraday Cups Emitter

1

Aluminum (Al) 2.0 + 0.25 2.2 + 0.5

Al 203 1.4 + 0.2

Gold (Au) 3.2 + 0.4

Silker (Aq) 2.1 + 0.3

Copper (Cu) 1.4 + 0.2 1.5 + 0.2

Graphite CC) 0.30 + 0.08 0.28 + 0.1

White lhermal Paint 0.90 + 0.12 1.4 + 0.3

Glass (SiO 2 ) 1.1 + 0.32

Solar Cell Co'er (MqF 2  0.90 + 0.15 1.12 + 0.1

Mylar (6 0m) 0.43 + 0.07 0.41 + 0.1

Kapton (7 im) 0.55 + 0.1 0.65 + 0.1

Kapton (125 wm) 0.90 + 0.18 1.21 + 0.1

Teflon (125 tim) 0.95 + 0.18 0.9 + 0.4
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Figure 25 Spectral yields of aluminum, aluminum oxide, white
thermal paint, solar cell cover and graphite irradia-
ted by OWL II aluminum-wire spectrum. Uncertainties
are discussed in text.
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by OWL I aluminum-wire spectrum. Uncertainties
are discussed in text
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instrumental broadening as well as by the x-ray spectrum. The spec-

tral yields of most materials (Au, Al, Al 20 3 , C, Ag, white thermal

paint, thin polymers and glass) peaked in the range from 1.3 down

to 0.9 keV. The yields from copper and the solar cell cover peaked

at lower energies of 0.7 and 0.6 keV while the thick polymers, Tef-

lon and 125-pm Kapton, did not have a definite peak.

In the vicinity of the peak of each spectral yield, the un-

certainty in the accuracy was about the same as for the integrated

yield given in Table 1. At both lower and higher energies, the

uncertainties were greater. As an example, the estimated uncer-

tainties for aluminum were: + 60% 0.2 key, + 30% A 0.5 keV, + 10%

1.0 keV, + 30% L 1.8 key, and + 70% A 2.5 key.

The absorption of x rays in a photoemitter generates photo-

electrons and Auger elections which lose varying fractions of their

energies before emission from the surface. The initial energy of

a photoelectron is equal to the difference between the photon energy,

E , and the appropriate atomic binding energy (absorption edge),
F
EK, L, M, N" Auger electrons have energies characteristics of the

material. Table 2 is a listing of the important photoemitter ele-

ments and the corresponding energies of the relevant absorption

edges, principal Auger electrons and photoelectrons generated by

1.65 and 2.25-keV x iays.

The principal Auqer-electron energies Lie indicated in Figures

25 and 26 and there is a good correlation between the location of

these energies and the shapes of the spectral yields. In particular,

the Auger energies for Al, Cu and F lie just above the peaks in the

spectra from aluminum, copper and the solar-cell cover (MqF 2 coated).
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lab le 2. Energqies of absor pt ion edqes, Auger electironis arid

photoelectrons for excitation by 1.65 and 2.25 keV

X rays. All enerqgies in key.

Absorption Photoelectrons at E
Element/Z [dge Auqet 1.65 2.25

C 6 K 0.29 0.27 1.36 1.96

0 8 K 0.53 0.50 1.12 1.72

F 9 K 0.69 0.64 0.96 1.56

L3 0.01 -- 1.64 2.24

Mg 12 K 1.31 1.18 0.34 0.94

L3 0.05 0.04 1.60 2.20

Al 13 K 1.56 1.39 0.09 0.69
L3 0.07 0.06 1.58 2.18

Si 14 K 1.84 1.61 -- 0.41
L3 0.10 0.09 1.55 2.15

Cu 29 [3 0.93 0.92 0.72 1.32
M 0.06 0.06 1.60 2.20

Aq 47 M 0.37 0.35 1.28 1.88
N. 0.01 -- 1.6 2.2

Aq 79 M 2.21 2.02 -- 0.2(0
N 0.33 0.23 1.32 1.92
0 0.01 -- 1 .6 2. 2
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3. lime Resolved Spectra

In the pteceedinq sectior, only time-i nteqiated elect ion

enerqy spectra were derived because the integrated x-ra) spectrum

was fairly reproducible while the time history of the x-ra) flux

changed substantially from shot to shot. Iherefore, t ime-iesoIhed

spectra would have to be treated separately for each shot. In

addition, the electron eneqy spectra exhibited only small temporal

variations. The notable exception was emission from aluminrum plI us

a similar observation for glass.

As described in Sect ion III.C aid shown in Fiquies 10, II, 23

and 24, the photoemisisort from aluminum had siqni f icarit ly di f f em eit

time histories at different elect ron energies. Ihe prepoidet ant

elect ron emission collect ed on cups co% et inq the 0.5 - 1.4 key r anoq

had a common time history with a dominant peak eat ly in time followed

b) lesser peaks. On the other hand, higher-enerqy elections from

1.4 to over 2.3 keV had a smoother time variation, peaking later in

time. Ihis hardening of the electron enerqy spectrum was obser ed

to a much lesser deqree in the emission from gold, see Fiqure 9.

Another important observation to be considered was the extreme

spikiness in the XRD siqnal when the x rays were filtered by 160 iWm

of Mylar, as shown in Figures 23 an&'K4. This thickness of Mylat

had a cut-off transmission of l% at 2.6 keV.

Most of the x-ray f luence was at erer qies just abo.e the

aluminum K edge at 1.56 keV. Let us consider x-ray energies of

1.65 to 2.25 keV arid refer to Table 2. Since the x-ray absorption

jump ratio at the Al K edge is 11, ten Auqer elect r ons are qene-

rated with energies of 1.39 keV for every elect ron qenei ated forom

the L-shell with an energy of 1.6 to 2.2 keV. In addition there

will he ten K-shell photoelectrons with enelgies under 0.7 key.

All these energies are upper limits since the elections lose ene (y

in the material before being emitted at the sur face. The origin

of electrons detected in the PESS with energies greater than 1.4
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keV can be L-shell photoelectrons or K-shell photoelectrons gene-

rated by x rays above 3 keV. The latter possibility is ruled out

by the XRD observations. In addition, a time-varying x-ray spec-

trum must be consistent with the gold photoemission signals.

The x-ray spectrum consisted of several components as des-

cribed in Section III.A. Therefore the signals observed at

different electron energies were a superposition of photoemission

generated by different x-ray spectral fluxes. The time-varying

electron spectrum can be explained by assuming that the He-like

and H-like plasma emit radiatien with different time histories;

inherent in this assumption is that the line radiation and con-

tinuum from a given plasma state have the same time variations.

Temporal behaviors, that can explain all the observations, are a

smooth broad pulse for the radiation from the He-like plasma and

sharp spikes for the x-ray emission from the H-like plasma.

The assumed x-ray spectra, photoelectron spectra arid time his-

tories of the two plasma states on a representative shot ate

shown in Figure 27. Under this assumption, the He-like recombin-

ation radiation interacted with Al L-shell electrons and generated

the electron emission above 1.4 keV, while H-like line radiation

excited the emission peaks superimposed on the signals below 1.4

keV. ihe H-like continuum produced very little photoemission

from aluminum, but substantial amounts from the gold because of

its larger absorption cross section above 2.2 keV.
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Figure 27 Assumed x-ray spectra, time histories and resultinq
photoelectron enerqy spectra from aluminum generated
by typical He-like and H-like plasma components
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R. SECONDARY ELECTRONS

I. Method

Since secondary electrons have very low energies (mostly

0-l0 eV), only their yields were determined with no attempt at

energy resolution. Values for secondary-electron yields could

be derived from three different measurements: 1) total emission

from biased XRD cathodes, 2) total emission from the biased PESS

emitters, and 3) collection of accelerated secondaries by a Faraday

cup. The first two measurements were used in a straight-forward

manner to obtain secondary-electrons by subtracting the primary-

electron yields in Section IV.A.1 from the total electron yields.

It turned out that the secondary-electron yields extracted

from the third measurement had a large uncertainty because only a

fraction of the emitted electrons were collected. In the analysis

of primary-electron yields, the electrons were assumed to have a

cosine angular distribution when emitted from a grounded emitter.

However, an applied bias potential altered the trajectories of

lower-energy electrons. In particular, for the case of a flat

emitter, the electric field tended to bend the electron trajec-

tories toward the surface normal so that more electrons passsed

through the aperture. As discussed in Section II.D, there was a

definite enhancement in the number of low-energy primary electrons

detected from a biased emitter. This field-focusing effect was

partially counteracted by space-charge fields that caused the

electrons to diverge. It was already mentioned that there was

space-charge limitinq of the secondary emission current, if the x

radiation was not attenuated.
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The combined effects of applied electric field and the large

space-charge fields were very complicated and difficult to analyze

for the actual PESS geometry. Therefore, a sophisticated computa-

tional analysis was undertaken by Systems, Science and Software

as a subcontract to the overall program. The goals and results of

these calculations are given in Section VII.

In spite of the uncertainty in the fraction of emitted secon-

dary electrons collected by the Faraday cups, this type of measure-

ment did provide supplementary information. These results provided

relative values of secondary-electron yields from different mater-

ials. The spectral-yield data obtained with the emitter biased,

such as shown in Figure 22, showed that the magnitude of low-energy

enhancement depended slightly on the value of the applied poten-

tial. For the bias potentials of -600 to -1000 volts used for most

measurements, the detected number of low-energy primary electrons

was about twice that observed from a grounded emitter at lower

fluxes.

There was a limited amount of data in which the total emis-

sion from the biased emitter could be compared with the collected-

secondary-electron signal. These results showed that the fraction

of secondary electrons passing through the aperture did depend on

the x-ray flux--this fraction decreased at higher fluxes. At lower

fluxes, the number of secondaries detected was twice that expected

for a cosine angular distribution.

Other experimental observations were gleaned using a cylin-

drical aluminum photoemitter. When this emitter was grounded, the

primary-electron spectral yield was the same as that from a flat

aluminum surface. Furthermore, the low-energy primary-electron

emission from the biased cylindrical surface was still enhanced

over that from the grounded emitter. But there was a definite

decrease in the observed secondary yield from the biased cylin-

drial surface. These observations for a cylindrical emitter are
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consistent with the field "focusinq" the electrons in one direc-

tion and "defocusinq" in the other direction.

2. Results

Total yields of secondary plus primary elections from various

materials were derived from the XRD and PESS measurements. Since

secondary-election yields, and thus total yields, ate sensitihe to

sur face condition and cont amination, care was exercised in se lect inq

the most reliable values. In particular, the total emission from

aluminum was obser ed to have the hiqhest total yields when the

surface was fresh. After beinq left in the system for many shots,

the yields were 10 to 50% lower. Thus, the fieshness of a surface

was an important critei ion in weiqht inq the Nar ious data. On the

other hand, primary-electron yields were riot sensitive to this

type of contamination.

The resultinq "best" values are tabulated in Table 3. For

most materials, there was remarkably good aqreement between the

values obtained in the PESS and in the XRDs. lhet wete substari-

tial diffetences in the total yields from the thermal white paint

and thin Mylar. In the case of the white paint, it is riot sur-

pr isinq that the values di ffered since they wete applied di f f -

ently to the substrates. As to the Mylar results, the samples

used in the PESS was aluminized on one side and it may have had

some aluminum on the other side. In addition, this sample may

have been contaminated. Although contamination reduced the total

yield from aluminum, it could increase the yield from other mater-

ials.

The biqqest discrepancy was the extiemely-low total yield

from the solar-cell cover mounted in an XRD. In fact, this %alue

was even lower than the primary-electron yield measured in the

PESS. A possible explanation is a substantial conductivity
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through the "vacuum", as postulated for the biased-emitter obset-

vations in the PESS. In the XRD, the gap between solar-cell

surface and grounded screen was very small. iherefore, most of

the applied potential may have been across the thickness of the

quartz so that there was negliqible accelerating potential for

the low- eneiqy electrons.

lable 3. lotal photoemission yields in units of 10 1 3 e/J

measured using pulsed plasma X radiation

PESS

Material XRD Emitter

Aluminum 9.4 + 0.6 9. + 1.

Gold -- 7.5 + 0.5

Copper -- 5.4 + 0.7

Brass 5.4 + 0.6

Graphite -- 1.4 + 0.2

Aerodag 1.45 + 0.15

White Paint 3.8 + 0.3 4.4 + 0.6

Glass 2.4 + 0.6 2.5 + 0.6

Solar Cell Cover 0.76 + 0.15 3.5 + 0.5

Mylar (6 pm) 0.9 + 0.1 1.5 + 0.3

Kapton (7 jim) 2.5 + 0.3 2.9 + 0.4

3.1 + 0.5

Kapton (125 wm) 1.2 + 0.12 1.2 + 0.2

lef Ion (125 lJm) 1.8 + 0.9 1.9 + 0.4
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V. STEADY-STATE YIELD MEASUREMENIS

As a complement to the pulsed measurements described in Sec-

tions II, III and IV, photoemission yields were measured using

steady-state x radiation. The advantages of these measurements

over those using the exploding-wire source were: 1) greater re-

producibility, 2) good vacuum conditions, 3) no space-charge

effects, 4) greater accuracy, 5) use of monochromatic x rays to

determine energy dependences. The expei imentaI arrangement is

described followed by the results of the measurements giving total

arid primary electron yields.

A. EXPERIMENTAL DESIGN

1. X-Ray Source

The low-energy, steady-state x radiation used for these mea-

surements was generated by a DNA calibration facility operated by

Science Applications Incorpotated (SAIl) in Sunnyvale. This facility

had a Herike-tube souice with a copper anode operated at 16 keV.

ihe copper-anode output spectrum excited characteristic line radia-

tion from eight fluoiescers at energies rangirg from 1.26 to 5.41

keV. Ihe f lutorescent spect ra passed alternately throuqh well-

matched pairs of Ross filters. A listing of the fluoescer ma-

terials arid eniergles of characteistics lines is given in Table 4.

1 he spectral outputs we re measured usi nrq the standat d t echni ques

of a gas propo tt ion Ia countei arid a muIt i charrnel analyzer. The-

i rtensity ca lit at ion was normally within 2,0 arid the spertr ial

pur ity (diffeer'ence between, pass arid block fi lters) was desiqned

to be better than 99%.
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Table 4. Monochromatic X-ray lines used for

steady-state photoemission studies

Fluorescer Energy (keV)

Mg I. 255

Al 1.488

Si 1.742

Cl (Saran) 2.634

Sc 4.125

Ii 4.551

V 4.948

Cr 5.410

Photoemission currents were measured using a Keithle) 610C

picoammeter and were displayed on a stiip-chait recorder. The

measured currents ranged from 3 x 10- 15 to 10- 12 A arnd could be

determined to within 2% of reading plus 5 x 10- 16  A. The over-

all accuracy of the measurements was judged to be better than 5%

except where limited by signal strength.
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2. Yield Apparatus

ihe yields of primary elections and primary-plus-secondary

elections (total) were measured using a retatding-potential spec-

trometer. This "birdcage" apparatus, shown schematically in

Fiqure 28 and by a photoqaph in Fiqure 29, had a hiqhly-taans-

'parent retarding gid surrounding the photoemittet. The parallel-

wit e qi id was 97%' t' ansparent to elect ions and was comp letely

transparent to the incident x lays. A low-z coat intq of Act odaq

was sprayed on the chamber walls and the qid to reduce election

backscatter . The photoemitter was a bitruncated circle (two

parallel sides) with dimensions of 7 by 10 cm; this was just

slightly latget than the pattern of the incident x rays at the

chosen distance from the source.

Durin q the deielopmeirt and test iyn of the apparatus, it was

necessary to add two features. One was an apertured magnet near

the x-r ay source to set ve as an electron trap stopping photoe le'-

trns genetated in the source reqion. The other was maint aininq

the photoemitter assembly at -31 V with respect to the qounded

walls in order to inhibit the migration of secondary electronis

arid low-enerqy electrons backscattered from the chamber walls

to the emitter. This was donie by placinq an in-] ine batter>

between the photoemitter arid the picoammetei. The electiical

feedthrouqhs were selected to have negl]igible leakage cut i nt s.

Ihe normalized phot oemi ssion Curt ent from a n aluminum photo-

cathode irradiated by Si-K x rays is plotted in Fiqure 30 as a

funct ion of qt i d-t o-emitter potential, V At posit i~c pot vnt raIs,

the siqnal was const ant ptovidirrq a clear determinat ionr of the total

photoemission. On the basis of some simple computer calculat ions,

the minimum potential irr frornt of the photoemiter was est imated to

be about 60% of the applied qtid bias. For small regal it, %alues

of VC, the cur rent dec( -ised rapidly cot respording to the etierg)
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Figure 28 Experimental setup to measure total and primary
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distribution of low-energy electrons. At larqer biases, a chanqe in

V from -50V to -IOV produced only a 3%0 decrease in the normalized

current, so there was only a sliqht uncertainty in the primary emis-

sion cuirent. 1he electron flow frzom the giid was measured to be

only 2 to 30 of the primary electron current. Since part of this

emission flowed back to the photoemitter when V < 0, the net

effect was only a 1% shift. Measurements of the total photoelectric

yield were made with the grid biased at + IOV with respect to the

photocathode. Primary-electron yields were determined with the

grid biased at -50V. In this case, it was estimated that all elec-

trons emitted with kinetic energies under 30 eV were returned to

the photocathode assembly. The system was evacuated by a turbo-

molecular pump to a pressure of about 2 x 10-6 lorr.

3. Materials Studied

The photoemitter materials studied under this program were

aluminum, aluminum oxide, gold, silver, silicon, siliconi dioxide,

glass, Mylar and Kapton. Several of these photoemitters were

from the same sources as used in the PESS measurements. The con-

figurations and compositions are listed below.

1. Aluminum foil. Standard 18-pm Reynolds wrap.

2. Aluminum oxide. Aluminum foil anodized in 3% solution

of ammonium citrate, applied voltages of 100 and 200V

produced Al203 thicknesses of 135 nm and 270 nm231
(1350 and 2700 anqstrom).

3. Gold. Coat ing on copper-clad PC board obtained.

4. Silver. Coating on copper-clad PC board obtained.

from MRC .

5. Silicon. A 0.5-mm thick sheet cut from a high purity

wafer used by the semiconductor industry.

6. Silicon dioxide. 1he above sheet of silicon was oxidized

in a furnace to produce an SiO 2  lay,, with a thickness

of about 200 rim.
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7. Glass. Four 1-mm-thick microscope slides mounted side

by side. lhe composition was not determined, but most

likely contained significant amounts of Na 2 , K2 0 and/or

CaO in the SiO 2 .

8. Mylar. ihickness of 6 pm, with a nominal composition of

Cl1 H 8 0 An Aerodag was applied to the back.

9. Kapton. Ihickness of 7 pm and 125 pm were studied with

the thick sample from MRC. Both samples had been aluminized

on their backsides.

Where appropriate, all surfaces were cleaned with reagent-grade

methanol.

Some of the materials were dielectrics, having thicknesses of

several micromtters or more. For these samples, it was important

to determine if surface charging affected the results. This effect

was studied experimentally by varyinq the photon intensity and by

increasing the positive bias on the grid. Analytically, the maxi-

mum surface potential was estimated from the ratio of the emission

current density to the volume resistivity. In all cases, save the

thick Kapton, charging was negligible. For instance, the thin

Kapton and Mylar charged up to no more than 0.4V. The thick Kapton

sample charged up to higher potentials estimated to be about lOV.

When the bias potential was increased from +lOV to +30oV, the total

emission from this thick Kapton increased h 13%'.

B. YIELD RESULIS

The measured primary and total elect ron yields ate tabulated

in ]able 5. It. is well known that the elertron yield is propor-

tional to the enerqy-absorption ctoss sect ion, , which has an

inverse power-law dependence on photon energy with abrupt increases

at absorption edges. Accordingly, these yield values are displayed
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Table 5. Primary and total photo-Auqei election yields

in units of 10- 3 election/photon

E M q Al Si Cl Sc Ii V CIx

Material 1.26 1.49 1.74 2.64 4.12 4.55 4.95 5.41

Al 2.45 1.85 8.05 4.10 2.95 2.55 2.35 2.15

Foil 14.3 9.6 36.5 17.1 8.9 7.6 6.6 5.6

A12 03  2.65 2.15 5.05 2.85 1.70 1.55 1.40 1.28

18.2 13.0 26.5 13.3 5.95 5.00 4.35 3.70

Gold 12.7 11.2 9.7 21.4 19.4 16.6 15.6 14.0

54.0 43.0 34.0 67.0 52.0 44.5 40.5 34.6

Silver 10.8 9.45 8.7 5.8 15.1 13.6 12.6 11.2

49.4 41.1 35.6 18.5 43.2 37.7 33.8 29.4

Silicon 1.9 1.6 1.2 5.8 3.45 3.1 2.9 2.6

5.5 3.6 2.9 13.3 6.7 5.7 5.1 4.6

Glass 2.7 2.35 2.0 2.85 2.2 1.9 1.75 1.55

19.8 14.6 11.1 12.9 7.4 6.1 5.3 4.5

Mylar 1.95 1.5 1.2 0.77 0.40 0.36 0.33 0.28

(6 pm) 4.45 3.2 2.35 1.25 0.61 0.51 0.45 0.38

Kapton 2.05 1.65 1.85 0.98 0.52 0.45 0.39 0.33

(7 Wm) 4.32 3.70 3.92 2.82 1.90 1.71 1.59 1.52

Kapton 1.62 1.39 1.16 0.64 0.41 0.34 0.32 0.28

(125 prn) 5.75 4.3 3.2 1.47 0.76 0.63 0.56 0.48
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on logarithmic plots in Figures 31, 32 and 33. In the eneiqg ranqes

on either side of absorption edges, most of the data are fit by the

straight lines drawn on these plot-s. Most of the small deviat ions

were experimental eirors. Some of this data and its analysis were
7

published and compared with other results. There was generally

good agreement.

In the case of gold, the data at 2.64 keV fell in the midst of

the series of M absorption edges and was therefore expected to fall

between the extrapolations of results on either side. Simila[ly,

the two data for glass at 2.64 keV fell below ext rapolations of the

data at higher energies. Ihis can be explained by the presence of

potash or lime which are commonly used in glass -- the absorp-

tion edges for potassium and calcium are at 3.61 and 4.04 keV, te-

spectively.

A significant deviation from a straight-line fit was found in

the data for aluminum. ihe primary yield at 2.64 keV definitely

fell below a straight line connecting the value at 1.74 keY and

the values above 4 keV. Several samples of aluminum foil were

measured and the x-ray output was recalibrated to ensuTe that this

was riot an experimental error. It was also found that helow the

aluminum K edge, the yields of the aluminum foil and the anodized

aluminum were neatly the same. Such an observation is explained

by the normal oxide layer on aluminum which has a thickness of

about 5 rim.

There were several interesting aspects to the yield results

from the three polymers. The primary yield from the thick (125 im)

Kapton was slightly less than that from Mylar, while the total yield

of the Kapton sample was greater than that from the Mylar. For com-

par ison, the primary yield from graphite deposited as Aerodaq was

the same as the Mylar yield while the total , ield was much larger.

However, the yields from the thin (7 I'm) Kapton exhibited unexpected
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behavior. While the primary yield of this thin Kapton was only

slightly larger than the Mylar yield at the two lowest photon ene-

gies, there was a siqnificant increase at enerqies above 1.5 keV.

1he total yield also had a jump just above 1.5 keV. In addilion,

the total yield from this thin Kapton sample did riot fall off as

rapidly with photon energy as all other materials.

An explanation for this observed photoemissio from the thin

Kapton resides in the aluminizing on the other surface. When the

film was rolled up after beinq aluminized, very snail amounts were

transferred to the uncoated surface. When it is assumed that this

added aluminum (Al 2 03 ) needs only have an average thickness

of 2 nanometers to account for the 30% jump in the primary yield.

It is mote difficult to explain the energy dependence of the en-

hanced total emission. Most likely this tiansferred aluminum

does not form a uniform layer, but is in the form of tiny spots

with dimension of 10-30 rim. In this case, the emerqinq primary

elections will irradiate larger circular spots in the Kapton there-

by increasing the secondary-electron qeneration.

Values for the secondary eLectron yield, Ys, were obtained

by takinq the differences between the total arid primary election

yields. Ratios of the secondary and primary yields, Ys /Yp, ale

plotted in Figure 34. ihe largest ratios were observed for the

inorganic dielectrics glass and aluminum oxide while the smallest

ratios were found for silicon, Mylar and the thick Kapton. In

general, this ratio fell off with increased photon energy. lhe

exception was the thin Kapton which had some aluminum on the surface.

I
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VI. STEADY-SIATE SPECIRAL MEASUREMENIS

A second phase of the steady-state studies was to develop

suitable instrumentation and measure the energy spectra of photo-

electrons generated by low-energy monochromatic x radiation. Ihe

x-ray source used was the same as described in the previous section

for the steady-state yield measurements.

there are different approaches to determininq the energy dis-

tribution of emitted electrons. One method is to use a high-

voltage retarding grid, similar in many respects to the set up

used for the yield measurements. However, the geometry of the re-

tarding grid would have been more complicated than that used to

determine just the primary yield rnd high voltages would have to

be used. ihe other method is the use of an electrostatic or magne- K
tic energy analyzer with an electron-count ing detector. This latter

method was selected for the measurements in this program. The mag-

netic spectrometer (PESS) was used with appropriate modifications.

A. APPARATUS

To determine the photoelectron eneigy spectra, the PESS was

modified by replacing the Faraday-cup array with a channeltron

electron multiplier. A schematic diagram of the apparatus is

shown in Figure 35 and a photograph of it is in Figure 36. lhe

x radiat ion was incident on the 1.8-cm2 beveled phot nemi t t er and

a small ftact ion of the emit ted elect r ons passed thr ough the aper -

ture into the magnetic analyzer region. Since the tiansmitted cut-

rent was very small, individual electrons could be counted by the

detector. The electron count rate was measured as a function of

electron energy by varying the maqnetir field. As already
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described for the yield measurements, the net count rate corres-

pondinq to a given x-ray energy was the diffetence between the

count rates using pass and block x-ray filters. In this experi-

mental set-up, the electron tiap was also needed to stop spurious

electrons that originated at the x-ray source.

The detector used for the initial measurements was a Galileo

Model 4039-EIC channeltron, having an entrance aperture 10 mm in8N
diameter. For subsequent measurements, a new channeItion, Gal-

ileo Model 4028-EIC/Bl, was procured which had a rectangular en-

trance 10 mm wide by 25 mm high (parallel to the maqnetic field.)

The overall size of this latter detector restricted where it could

be placed in the PESS chamber. Consequently, the elections tra-

veled orbits averaging only 1350 from the aperture to the detec-

tor and the energy resolution was slightly dependent on the angular

distribution of the electrons passing through the aperture.

The channeltrons were operated in a standard way with the

outside of the front entrance cone at ground potential and the

output end at a positive 2.9 or 3.0 kV. Output pulses were trans-

mitted on the high-voltage lead connected to a vacuum feed-through.

These pulses were conditioned by a preamplifier-H.V. unit and then

counted. Discriminator settings on the counter were adjusted to

include all electron counts while rejecting noise. Data for the

energy spectra of primary electrons were generated by measuring

the electron count rate as a function of applied magnet-coil cut-

tent, IO To derive spectral yields from the data, calibration

factors were needed for the system energy response (E), energy

resolution (AE), enerqy-dependence of the detector response, geo-

metric collection efficiency of the detector and an assumed angular

distribution of the emitted electrons as discussed in Section IV.A.

The energy response and resolution of PESS depended on the geo-

metric configuration of the channeltron with respect to the elec-

tron aperture and upon the maqnetic-field calibration.
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]he energy response and energy resolution of the system were

derived both by calculations and experiment. Ideally, the efietqy

resolution, AE, in this fixed geometry should have been a constant

fraction of the average energy , E , of the detected electrons.

Electron trajectories in the actual geometry were calculated con-

sidering the possible range of angles determined by the photoemittet

aperture configuration. Experimentally-derived values for the

enerqy response and resolution were gotten by accelerating low-enerqy

secondary electrons emitted from gold irradiated by 4.12-keV photons.

At a fixed setting of the magnetic field current, the electron count

rate, C e, was measured as a function of applied voltage, VA, on

the photoemitter.

The larger, rectangular-aperture channeltron was calibrated

using five different magnet-coil currents, IB' corresponding to

nominal election energies, Ee, of 0.1 to 2.6 keV. The vacuum

feedthrough on the PESS photoemitter and the available Power sup-

ply limited the applied voltage to under 3 keV. These sets of
2

data were normalized through use of the ratio VA/lB and are

plotted in Figure 37. If the system were perfect, these data
2sets should have been independent of IB . But two distinct

trends were found as IB was increased: 1) the values of VAilB 2

at peak count rates became larger and 2) the shapes of the plots

became pronouncedly asymmetric. Higher-enerqy primary electrons

were also detected as a low-level count rate to the left of the

peaks (smaller VA/IB 2

Pertinent aspects of these calibration data ale qiven in
2

Table 6 in which VN -VA/I 8
2  As I was increased, the widths

of the peaks, VN, became narrow while the midpeak position,

VN, shifted upward. This narrowing in the plots can be explained
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]able 6. Calibration ol PESS with Channeltion detector.

Patametei V - V/I 2

N ARB

IB (A) 0.63 1.20 1.71 2.24 2.66

Peak Count Rate (kc/sec) 10.4 12.0 11.8 9.7 9.0

VN C Midpeak 266 322 346 362 367

AV N 0 FWHM 72 67 66 65 64

VA . Midpeak (V) 106 464 1013 1819 2597

E (calculated) 144 523 1061 1821 2568C

PAVN 749 804 779 631 576

Normalized P AV 0.93 1.00 0.97 0.78 0.72
c N
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by the effect of the applied potential on the photoemittei, as men-

tioned in Section V.B. The secondary-electiorns were focused

toward the aperture and had a smaller divergence as they passed

through, thereby improving th, resolution. (The computations of

these focused trajectories by SSS are discussed in Sect ion VII).

The asymmetric slopes in the data peaks at. larger values of IB

were explained by the finite size of the detector apeLture. E-ern

with the field focusing of the election trajectories, the diver-

gence of the elections along the magnetic field caused them to

extend past the top and bottom of the collectinq area. As VA

was increased, the orbital radius was larger and there was mote

spillover

One problematic aspect was the shift in V as I was in-
N' B

creased. Electron energies were calculated for election orbits

passing through the centers of the apeiture arrd detect or; they

ate compared with the applied voltage at peak count rates in

Table 6. There is qood aqreement onl at the higher energies.

To explain the discrepancy at smaller IH several effects were

considered including: stray magnetic field, finite initial eruer -

gies of the secondary elections, asymmetrical gcometric effects

and focusing effects. All of these effects could account for onl

a quartet of the discrepancy. Finally, at the conclusion of all

the spectral measurements, it was discovered that the pnsit r~e,

hiqh-voltage lead to the channeltron had insufficient electrical

shielding. The electric field emanating from this wite caused

the small perturbation in the trajectories at low electron net-

qi es.

An energy resolution ratio, E/ E, can be defined as the iratro

V / V. In as much as focusing caused V to declease at Illr
*N N* N

VA, an upper limit on the resolution of 1./ E < 5.1 was ohtai ined

from the ratio of the maximum values of both VN and VN ' A %oIu

for the enerqy resolut ion was also deter mired from calcirlat ions

95



of the range of electron energies intercepted by the detector at a

given setting; the derived value was EiAE = 5.0 + 0.2.

The response of channelt ron detectors has been found to be
9

dependent on the energy of the incoming electrons and to be
10

degraded by an ambient magnetic field. A wide range of de-

pendences has been reported, undoubtedly a result of different

channeltron geometries and measurement techniques. To determine

the influence of a magnetic field on the detection efficiency of

the 10-mm-diameter channeltion, its response to x radiation was

measured as a function of applied field. It was found that the

response dropped off by only 3% at the highest field used for the

spectral measurements (40 Gauss), although the response was down

by 25% at a field value of 120 Gauss. Channeltrons have a response

to electrons of nearly unity at electron energies of several hun-

died eV. From the results in Table 6, relative efficiencies of

the detector were derived and normalized to a maximum value of 0.98

at 0.5 keV. these values are plotted in Figure 38 along with a

smooth curve that was fit to the data.

B. RESULTS

For these determinations of primary-electron energy spectra,

the count rate was measured as a function of magnetic-coil current

with the photoemitter grounded. The midpoint electron energy, E

was calculated from the current, IB, as given in Table 6. To

derive energy spectra, the count rate at each electron energy was

divided by AE = E /5. The spectral yields were then obtained byC

application of several calibration factors and x-ray intensities

weie obtained for the location of the photoemitter. The photoemitter

area, the solid angle subterided hy the electron aperture, and the

assumed cosine angulat dist ibution were all the same as used in the

analysis of pulsed emission. On the basis of geometry, it was

calculated that the height of the tectangular channeltron aperture
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intercepted 81%' of the electron trajectories while the circular-

aperture channel-thon collected 30%. 1he energy-dependent response

of the rectangular unit to elections was that shown in Figure 38.

Spectral yields from gold wete measured at four photon ener-

qies of 1.49, 2.64, 4.12 and 5.41 keV. Aluminum foil was studied

at 1.49, 1.74, 4.12 and 5.41 keV, and aluminum oxide was studied

at 5.41 keV. ihe resulting spectral yields are presented in

Figures 39, 40, and 41. All these displayed emission spectra

were rounded and broadened by the instumental broadeninq. ihe

number of counts accumulated for each data point ranqed from 50

to 20,000 so that statistical fluctuations provided a siqnificant

error on some data. Jn particular, the data obtained fo! aluminium

at 1.49 and 1.74 were initial results using the smaller channel-

tron 11; both the number of data points and count rates were

quite limited.

The enerq spectra of emitted electrons results from a fold-

ing together of the initial electron energies and energy losses

in the emitter, while the measured shapes also reflected the in-

strumental broadeninq. Initial energies of the emitted Auqer elee-

trons and photoelectrons are given in Table 7 for gold, aluminum

arid oxygen. If siqnificant carbon contamination were present, its

Auger peak would be at 0.27 keY. Smooth curves were fit through

the data consistent with the appropriate photoelectric- arid Auger

electron energies to maintain consistency between the results at

different photon energies. At election energies below 0.5 keV,

the curves were shifted slightly toward lower enerqies to account

for the small perturbation caused by the high voltage lead to the

channelton. The few maverick data points falling well away from

the curves are attributed to statistical fluctuations. In all

cases, the spectral yields became very large at low electron enerqies

under 0.15 keV. It was riot determined it this was a real feature

of the spectra or were scattered elections. Both gold and aluminum
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fable 7. Predominant erneigies of Auqer elections and photo-

elections from qold and aluminum foil irradiated

by monochromatic X-rays

Auqer Election Enetqies (keV)

Au 0.02 0.04 0.07 0.15 0.24 0.35

1.52 1.77 2.02 2.11

Al 0.04 0.07 1.34 1.39

0 0.50

C 0.27

A ,etaqe Photoelectron Eneiqies (keV)

Photon Eneqy (keV)

Element - Shell 1.49 1.74 2.64 4.12 5.41

Au - M - - 0.43 1.9 3.3

- - 0.34 1.8 3.2

Au - N 1.1 1.4 2.3 3.7 5.0

Au - 0 1.4 1.6 2.5 4.0 5.3

At - K - 0.18 1.08 2.56 3.85

Al - L 1.42 1.67 2.57 4.05 5.34

nl - K 0.96 1.21 2.11 3.59 4.88

0 - L 1.48 1.73 2.63 4.11 5.40
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do have st rong Auqer-elect ion peaks at about 40 and 70 eV. On the

other hand, at very-low magnetic fields, high-eneiqy elections

could hit the chamber wall and be scattered to the detector.

1he spectral yields were integrated to obtain alues of oii-

mary-election yields which ate listed in Table 8. For comparison,

the values determined from the birdcage steady-state measurements

are also listed. These inteqiated spectral yields are in v ey good

aqeement considering the uncertainties in se .eral of the calibia-

tion f actors. Only in the case of Al 203 at 5.41 keV was there

a discrepancy of greater than 10%. Slightly better agreement would

be achieved if the channeltron iesponse fell off less wiLh electron

energy above 2 keV than that shown in Figure 38. Ihat would reduce

the spectral yields at the hiqher energies.

Table 8. Primaty-electron yields from integrated

spectral yields at given X-ray energies

-3
Yields in Units of 10 election/photon

Emitter E (keV) PESS Birdcage

Gold 1.49 11.6 11. I

2.64 19.3 21.4

4.12 19.3 19.4

5.31 13.8 13.9

Al foil 1.49 2.0 1.9

1.74 7.5 7.9

4.12 2.8 2.85

5.41 2.3 2.1

Al 2 0 3  5.41 1.6 1.28

Data obtained with small channeltron
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VII PESS CALIBRATION COMPUTATIONS

In the initial development and usage of the PESS, the photo-

emitter was grounded and the primary elections were assumed to

follow straight-line trajectories in the region between the photo-

emitter and the aperture. When the goals were extended to deter-

mine the yield of secondary elections generated by the pulsed

x radiation, it was recognized that the orbits could be greatly

altered by the combined effects of space-charge fields and the

applied potential accelerating the low-eneiqy secondaries.

In order to calibrate the response of the PESS under these

conditions, election trajectories were computed by Systems, Science

and Software incorporated (SSS) under subcontract. The scope of

these computations included modeling the complicated geometry of

the PESS, developing a suitable computer program, and calculating

the Faraday-cup cutrents for several sets of experi mental parameters.

This computer program had to handle properly the distibutions of

electron energies and emission angles, the finite area of the emit-

ter, and the itme-dependent flux.

The computer used for th- calculations was a CDC 7600 located

at the Air Force Weapons Laboratory. In spite of the high-speed

capabilities of such a computer, the accuracy of the calculations

was limited because of the huge size of the parameter space. Even

with the development of sophisticated weighting factors, it was

found that a large number of values were needed to approximate the

electron velocity distribution, the spatial distribution and time

steps. A large fraction of the effort was devoted to modeling and

computing space-charge-limited currents such as shown in Figures

18 and J9. Considering the complexity of the problem, the computed

signals agreed very well with the measured currents on a qualita-

tive basis. However, there were siqnificant quant itat i ve differ-

ences as shown in Figure 42; the computed current signals were com-

pared with the measured currents obtained on Shot No. 3632 shown in
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Fiqure 18. ]he biqqest discrepancy was in the third cup detect inq

the accelerated secondary electrons, which was of major itnterest.

It did not appear feasible to push the computaLiois to a qteater

accuracy without consuminq unreasonable amounts of computer time.J

In the meantime, alternate experimental techniques were exploited

for detetmininq the secondary election yields.

the remainder of the SSS effort was redirected to analyzinq

the influence of the applied potential, VA, on election t.rajec-

tot ies for the case of no space chatqe effects, which was appli-

cable to the steady-state spectral measurements. For these com-

putat ions, the secondary electrons were assumed to be emitted

with an enerqy of 5 eV. To establish the influence of the applied

electric field, two types of anqular emission were studied: 1) all

electrons emitted normal to the surface and 2) a cosine disttibu-

tion. The fraction of the total emitted electrons passinq thiouqh

the aperture as a funct ion of applied potential is given in Iable 9.

At VA  = 0 the fr act ion for normal emission is just the rat io of

aperture area to emitter area, while for cosine emission the frac-

tion is I/t times the solid anqle subtended by the aperture. For

normal emission, the applied fii-ld causes the electi on t rajectoi ies

to diverge so that fewer pass through the aperture. Rut for a

cosine emission, the field focuses the ttajectories so a much larger

fraction pass through. The calculations showed a factor of four

increase when VA/E e = 36. Unfortunately, emitted secondary

elect i ons have a ranqe of' enei qies from 0 to 20 eV and it would

be necessary to sum over the enerqy distribution to obtain an

accurate calibration factor for the PESS. This energy distribu-

tion was not known and was expected to be different for each

material. In another vein, if the angular distribution of tians-

mitted electrons were known as a function of position in the aper-

ture, the PESS enerqy resolution could be calculated. However,

the size of the spatial qrid zones was too large to provide an

accutate angular distribution of electrons passinq throuqh the

aperture.
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Overall, these calculations turned out to be more difficult

than many other types of SGEMP/photoemission computations because

only a small fraction of the emitted electrons were detected. In

addition, the computations needed to be accurate to 10,% since the

experiments were set up to give accuracies better than 20%.

lable 9. Computed fraction of secondary electrons

passing through PESS aperture as a function

of applied potential, V A he initial

electron energy was assumed to be 5 eV for

both normal emission and a cosine distribution

VA (eV) Nor ma I Cosine

0 0.37 0.0067

-5 0.14 0.009R

-10 0.10 0.0109

-30 -- 0.0151

-180 0.0265
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VIII COMPARISON OF RESULTS

An important phase of this ptoqram was the intercomparison

of the results from the pulsed measurements, steady-state measure-

ments and DNA-sponsored computations of photoemission spectraI

yields. The SKYNET experimental results are compared with the

steady-state results first. Then these are compared with the

computational values.

A. PULSED AND STEADY-STATE YIELDS

To compare the yields from the pulsed-radiation data with

the yields from the steady-state studies, the OWL II' explodinq-

wire spectrum was modeled by assuming 40% of the enerqy at 1.65

kV, 50,°% at 2.0 keV and 10% at 2.5 keV. The result ivq values of
13

the primaty and total yields, in units of 10 electrons per

joule, are listed in Table 10.

Within the stated uncertainties, there was qood agreement

between most of the primary-electron yields. The sliqhtly lower

%alues for the pulsed x-ray data may have been caused by space-

chaie effects on the lowest eneiqy electrons. Exceptions to the

good agreement were found for silver, copper and thick Kapton.

The low %alues obtained from the samples of silver and copper

durinq the SKYNEI measurements may have been the result of con-

tamination; these materials were studied less than many othets.

As for the very large primary yield observed from the thick Kapton

durinq these pulsed x-ray experiments, there was no explanation

found. The extra electrons appeared mostly at lower enetqies,

as shown in Fiqure 26.
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The total yield values from the pulsed and steady-state

measurements were also in good agreement considering the sensi-

tivity of secondary emission to surface composition. A surpris-

inq result was the large total yield from 7- m Kapton observed

during the SKYNET experiments using different samples mounted on

XRDs and in the PESS. This enhanced yield might have been caused

by a different distribution of aluminum on the surface.

The spectral yields of photoelectrons from aluminum and gold

measured during the pulsed-plasma experiments are consistent with

the spectra obtained during the steady-state studies. No attempt

was made to synthesize a spectral yield from the monochromatic-

x-ray spectral data, as was done in comparing the yields in

Table 10, since this would have required a substantial effort be-

yond the scope of the present program.

Table 10. Comparison of yields from pulsed measurements and
steady-state measurements. The steady-state values
were derived by modeling the plasma radiation as
40% at 1.65 keV, 50% at 2.0 keV and 10% at 2.5 keV.

Yields (l013 Electrons/Joule)

Primary Total

Steady Steady
Material Pulsed State Pulsed St at e

Aluminum 2.1 + 0.3 2.35 9.4 + 0.6 10.8
4

A 2 03 1.4 + 0.3 1.54 8.2

Gold 3.2 + 0.4 3.45 7.5 + 0 11.6

Silver 2.1 + 0.3 2.73 10.7

Copper 1.5 + 0.3 2.71 5.4 + 0.6 9.7

Glass 1.1 + 0.3 1.04 2.4 + 0.6 5.3

Carbon (Aerodag) 0.30 + 0.1 0.39 1.4 + 0.2 1.63

Mylar (6 m) 0.42 + 0.08 0.39 0.9 + 0.1 0.77

Kapton (7 m) 0.60 + 0.1 0.56 2.7 + 0.5 1.24

Values derived from data obtained under an AFOSR Program.
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B. EXPERIMENTAL AND IHEORE1ICAL YIELDS

As a complement to this progtam, DNA sponsored theoretical

work at Science Applications, Incorporated, (SAl), Vienna,

Virginia, to develop a computer code for calculating spectral

yields generated by soft x rays. This code was used to compute

spectral yields from relevant materials using the OWL II' x-ray

spectrum and at selected monochromatic energies. the integrated

yields of primary electrons are compared with the corresponding

experimental values in Table 11.

For the most part, the computed %alues aleed reasonably well

with the measured values; the vatiations ranged from a few percent

up to a factor of two. The largest discrepancies were found for

silver arid Sio2. ]he computed yields from gold appear to qrir ,e

well with the steady-state measurements and disaqiee with the EWR

results. This might be explained by the neqlect of suh-kV Atqvi

electrons in the computations.

r

In addition to the integrated yields, the spectra of emitted

electrons can be compared. For the exploding-wite radiator spec-

trum, Strickland arid Lin have, in refererrces 1 and 2, compared

their computed spectral yields from A], Au, Aq arid C with the

measured results given in Figures 25 arid 26. ihere was good

agreement for aluminum with the experimental spectrum smoothed

by the instrumental broadening. In the case of qnld, the compu-

ted primary yield was larger by 50,°% as given in table 11. This

increase in spectral yield was mostly between 1.5 arid 2.1 keV when

the instrumental broadening was taken into account. As reflected

in the inteqated yields given in Table 11, the computed spectral

yield from carbon was in good agreement with the measured spectrum,

while the silver spectrum was low by about a factor of two over

the entire eneigy range.
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lahie 11. Ratios of computed piimai,-elelc ton ietds

(SAI) to measured values (ARACOR) fto both

OWL II' explodinfq wirec radiator (EWR) arid

monochiomatic X-ta~s.

X-Ray Fneiq (keY)

Miterial EWR 1.26 1.49 1.74 2.64 4.12 5.41

Aluminum 1.15 NA 0.74 1.10 1.30 NA 1.24

t A 2 0 3  0.87 NA 0.79 1.03 1.04 NA 1.30

Si0 2  NA NA NA 0.57* 0.84* NA 0.67*

Gold 1.52 0.94 NA 1.06 1.26 0.83 0.88

Si1ler 0.63 NA 0.54 NA 0.45 0.73 0.81

Caibon 1.05 NA 0.86" NA NA NA 0.76

NA Not a~ailable

Mea.su.red under AFOSR P oqi am

I
A
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In the case of monochromatic x radiation, it turned out that

there were only a few common cases between the experimental arid

theoretical spectral yields. One relevant comparison between the

measured and computed results is shown in figure 43 for aluminum

oxide irradiated at 5.41 keV. Ihe experimental results are pie-

sented twice, once as given in Figure 40 and again with the in-

strumental broadening empirically unfulded from the data. Ihese

experimental and theoretical spectra are in fair agreement, but

the computations gave more photoemi ssion in the 2 to 5 keV r anqe

arid less in the 0.2 to 1.2 keV portion. he spectral yield from

aluminum irradiated at 5.41 keV had similar %ariat ions between

the theoretical and measured results. Apparently the thin layer

of oxide on the surface had only a slight effect on the emission,

although the oxygen Auger peak was observed.

For the cases of gold irradiated at 4.12 and 5.41 keV, the

computed spectral yields were 30 to 500% greater than the experi-

mental yields near the photo- and Auqer-emission peaks. Arid, as

with aluminum, the spectra dropped off more rapidly at lower

energies. In addition, the computed spectra stopped at 0.5 keV

arid thus missed Aijqer peaks of gold at lower enie qies.
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Figure 43 Comparison of experimental and theoretical primary-
electron spectral yields from aluminum oxide irradia-
ted at 5.41 keV. Solid curve is the data shown in
Figure 40 while the dashed curve is the measured
results after unfolding instrumental broadeninq
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IX CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

ihe overall goal of this program was to chatactetize x-ray-

generated photoelectron emission which is the drivinq term fol

SGEMP effects. 1o accomplish this goal, instrumentation was de-

veloped and used for both pulsed and steady-state measurements.

A magnetic photoelectron spectrometer system, PESS, proved to be

a reliable instrument fot determininq the time-resolved energy,

distributions and fluxes of primary electrons generated by pulsed-

plasma x radiation. ihe total photoemission yield generated by

the pulsed radiation was measured using x-ray diodes. ]he primat-

electron yields arid secondary-electron yields, generated by mono-

ch-romatic steady-state x radiation, were accurately determined u-,inq

a tetardinq-potential spectrometer. The PESS was also modified to

obtain photoelectron spectral yields using the steady-staLe

x radiation.

These instruments were used to determirie photoelection yields

and s~ectra from several materials relevart to SGEMP analyses and

typical of spacecraft surfaces. In addition to the numerous series

of SKYNEI measurements conducted on the PI OWL II' facility, the

PESS was also used on the hiqher-power )NA Backjack 4 facility at

Maxwell Laboratories, Incorporated (MLI). ihe results of these

measurements, that were done as a subtask to MLI as part of the

DNA Advanced Concepts Ptoqram, demonstrated the usefulness of the

PESS for measutinq photoelectr on spectral fluxes qeni ated by hiqhei-

energy x radiation in the 4-6 keV range. During SKYNEI expe riments

the PESS was shown to have a time-resolution capability of better

than 2 nanoseconds. A valuable byproduct of the pulsed me, asurement s

was the demonstrated capability of the PESS to itsolve the lime

histories of radiation from different plasma states.
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]he steady-state measurements provided a data base of photo-

emission yields from several relevant conducting and dielectric

materials at x-ray energies in the 1-6 keV rarge. 1o confirm

the accuracy and reliability of the PESS operation, the pulsed

x-ray results were compared with these steady-state yield values.

Good agreement was found in the primcjry-yield results for sev-

eral materials, including the conductors aluminum, gold and car-

bon, and the thin insulators A1 2 0 3, glass, Mylar and Kapton.

Reasonably good aqreement was also obtained in the total-yield

values. The spectral yields from gold and aluminum, measured

using pulsed radiation, were consistent with the steady-state

results at four diffeient x-ray energies.

However, there were some important unresolved questions.

The ptimary-electron yield from the thick Kapton, that was mea-

sured using the pulsed radiation, was twice as large as expected

and this extra emission was mainly at lower electron enerqies.

The primary-electron spectral yield from the 125-pm-thick Teflon

sample was about the same as from this thick Kapton. But there

are riot yet any steady-state measurements on Teflon for compar-

ison. Another unexplained result was the large secondary-

electron yield from the thin Kapton measured durinq the pulsed

experiments.

The overall results of this program indicate that the

photoemission characteristics of all relevant satellite mate-

rials should be measured. The theoretical values of spectral

yields are in reasonable agreement with the measured values;

the differences were no more than a factor of two for those

materials that could be compared. But, even though a computer

code can adequately predict the spectral yield of some common

materials, the surface composition and behavior of other mater-

ials may be unknown to a substantial degree. This is particu-

larly important with respect to dielectric materials arid coat-

ings.
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Data that needs to be acquired and results that need re-

solving include the following.

1. Investigations of the substantial differences in pulsed

photoemission from the different thicknesses of Kapton.

It should be determined if the differences arose from

different material properties or from surface charging in

the experimental apparatus.

2. Steady-state measurements of primary-electron and

secondary-electron yields from the thick Teflon, thermal

white paint and solar-cell cover glass, all of which were

measured under pulsed illumination

3. Steady-state measurements of spectral yields from Kapton,

Mylar, Teflon, solar-rell cover glass and carbon. The

spectral yield of carbon would extend the data base for

photoemission-computer-code development so that there was

a large energy range with no absorption edges. This

would also be a reference for comparing the photoemission

from the spacecraft dielectric materials.

The results of the measured photoemission currents from the

biased and unbiased photoemitter suggests this as a convenient

method to monitor both the primary and total electron yields gen-

erated by intense pulsed x radiation. This technique needs to be

refined and exploited during future SGEMP-effects programs.

The anomalies occuring during the pulsed irradiation of some

important dielectrics, such as Kapton, suggest that surface

charging and other effects could complicate the overall SGEMP

response of a spacecraft in other ways. For instance, the magni-

tude of secondary - electron emission from a dielectric can play

an important role in the initiation of surface breakdown across a

charged dielectric. This can be determined by suitably-designed

experiments.
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